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J&HQWUHIRU3ODQW,QWHJUDWLYH%LRORJ\8QLYHUVLW\RI1RWWLQJKDP/RXJKERURXJK/(
5'8QLWHG.LQJGRP 
K'HSDUWPHQWRI%LRORJ\8QLYHUVLW\RI:DVKLQJWRQ6HDWWOH:$86$ 
L8PHn 3ODQW 6FLHQFH &HQWUH 'HSDUWPHQW RI )RUHVW *HQHWLFV DQG 3ODQW 3K\VLRORJ\
6ZHGLVK8QLYHUVLW\RI$JULFXOWXUDO6FLHQFHV6(8PHn6ZHGHQ 
M&HQWUHIRU3ODQW6FLHQFHV)DFXOW\RI%LRORJLFDO6FLHQFHV8QLYHUVLW\RI/HHGV/HHGV
/6-78. 
N,QVWLWXWHIRU'HYHORSPHQWDO*HQHWLFV+HLQULFK+HLQH8QLYHUVLW\''VVHOGRUI
*HUPDQ\ 
O6FUHHQLQJ&RUH9,%*HQW%HOJLXP 
P0HQGHO &HQWUH IRU 3ODQW *HQRPLFV DQG 3URWHRPLFV &HQWUDO (XURSHDQ ,QVWLWXWH RI
7HFKQRORJ\&(,7(&0DVDU\N8QLYHUVLW\08%UQR&=&]HFK5HSXEOLF 
Q,QVWLWXWH RI 6FLHQFH DQG 7HFKQRORJ\ $XVWULD ,67 $XVWULD  .ORVWHUQHXEXUJ
$XVWULD 
R=HQWUXPIU0ROHNXODUELRORJLHGHU3IODQ]HQ3ODQW%LRFKHPLVWU\8QLYHUVLW\7ELQJHQ
7ELQJHQ*HUPDQ\ 
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$%%5(9,$7,216 
 
$&1 DFHWRQLWULOH $)% $8;,1 6,*1$/,1* ) %2; 3527(,1 $5) $8;,1
5(63216()$&725$8;,$$$8;,1,1'2/($&(7,&$&,',1'8&,%/(
$;5$8;,1 5(6,67$17  %'/ %2'(1/26 %,1 %5$66,1267(52,'
,16(16,7,9( &(3 &7(50,1$//< (1&2'(' 3(37,'( &(35 &(3
5(&(3725&+/&+/25,1$&/(&/$9$7$(0%5<26855281',1*
5(*,215(/$7(' '$* GD\V DIWHU JHUPLQDWLRQ '$6 GD\V DIWHU VWUDWLILFDWLRQ
'0)GLPHWK\OIRUPDPLGH('7$HWK\OHQHGLDPLQHWHWUDDFHWLFDFLG(5)(7+</(1(
5(63216()$&725*86ȕ*OXFXURQLGDVH+\SK\GUR[\SUROLQDWHG,$$LQGROH
DFHWLFDFLG/%'/2%'20$,1&217$,1,1*3527(,103021237(526
06 0XUDVKLJH DQG 6NRRJ 1$$ QDSKWKDOHQHDFHWLF DFLG 157 1,75$7(
75$163257(53,13,1)250('5*$5(35(66252)*$67=6$/7
72/(5$1&( =,1& ),1*(5 7&(3 WULVFDUER[\HWK\OSKRVSKLQH 7',)
75$&+($5< (/(0(17 ',))(5(17,$7,21 ,1+,%,725< )$&725 7'5
7',) 5(&(37257($%WULHWK\ODPPRQLXPELFDUERQDWH7)$WULIOXRURDFHWLFDFLG
7,5 75$163257 ,1+,%,725 5(63216(  ;,3 ;</(0 ,17(50,;('
:,7+3+/2(0<)3<(//2:)/825(6&(173527(,1 
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3HSWLGHV GHULYHG IURP QRQIXQFWLRQDO SUHFXUVRUV SOD\ LPSRUWDQW UROHV LQ YDULRXV
GHYHORSPHQWDOSURFHVVHVEXWDOVRLQDELRWLFVWUHVVVLJQDOLQJ2XUSKRVSKRSURWHRPH
ZLGHDQDO\VHVRI&7(50,1$//<(1&2'('3(37,'(&(3PHGLDWHGFKDQJHV
UHYHDOHGDQLPSDFWRQDELRWLFVWUHVVUHODWHGSURFHVVHV'URXJKWKDVDGUDPDWLFLPSDFW
RQSODQWJURZWKGHYHORSPHQWDQGUHSURGXFWLRQDQGWKHSODQWKRUPRQHDX[LQSOD\VD
UROHLQGURXJKWUHVSRQVHV2XUJHQHWLFSK\VLRORJLFDOELRFKHPLFDODQGSKDUPDFRORJLFDO
UHVXOWVGHPRQVWUDWHGWKDW&(3PHGLDWHGVLJQDOLQJLVUHOHYDQWIRURVPRWLFDQGGURXJKW
VWUHVVWROHUDQFHLQ$UDELGRSVLVDQGWKDW&(3VSHFLILFDOO\FRXQWHUDFWVDX[LQHIIHFWV
6SHFLILFDOO\ ZH IRXQG WKDW &(3 VLJQDOLQJ VWDELOL]HV $8;,$$ WUDQVFULSWLRQDO
UHSUHVVRUVVXJJHVWLQJWKHH[LVWHQFHRIDQRYHOSHSWLGHGHSHQGHQWFRQWUROPHFKDQLVP
WKDWWXQHVDX[LQVLJQDOLQJ7KHVHREVHUYDWLRQVDOLJQZLWKWKHUHFHQWO\GHVFULEHGUROHRI
$8;,$$V LQ VWUHVV WROHUDQFH DQG SURYLGH D QRYHO UROH IRU &(3 LQ RVPRWLF DQG
GURXJKWVWUHVVWROHUDQFH 
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:KLOHSHSWLGHVGHULYHGIURPQRQIXQFWLRQDOSUHFXUVRUVSOD\VLJQLILFDQWUROHVLQYDULRXV
GHYHORSPHQWDO SURFHVVHV WKHLU LQYROYHPHQW LQ DELRWLF VWUHVV VLJQDOLQJ LV HTXDOO\
LPSRUWDQW >@3UHYLRXVO\$UDELGRSVLV&7(50,1$//<(1&2'('3(37,'(
&(3ZDVVKRZQWRSOD\DNH\UROHLQDX[LQPHGLDWHGSULPDU\DQGODWHUDOURRWJURZWK
DQGGHYHORSPHQW>@&(3JDLQRIIXQFWLRQSKHQRW\SHVZLWKUHVSHFWWRODWHUDOURRW
SRVLWLRQLQJ DQG SDWWHUQLQJ DUH VLPLODU WR ZKDW ZDV REVHUYHG ZLWK DOWHUHG
021237(52603$5)RU%2'(1/26%'/,$$DFWLYLW\>@VXJJHVWLQJ
WKDW DX[LQGHSHQGHQW ODWHUDO URRW SDWWHUQLQJ ZDV GLVWXUEHG ,Q DGGLWLRQ &(3 IDPLO\
SHSWLGHV LPSDFWWKHH[SUHVVLRQRIQLWUDWHWUDQVSRUWHUVLQWKHURRWVLJQDOYLD;</(0
,17(50,;(':,7+3+/2(0;,3&(35(&(3725&(35DQG&(35
DQG LQGXFH SKORHPVSHFLILF SRO\SHSWLGHV LQ OHDYHV WKDW DFW DV ORQJGLVWDQFH PRELOH
VLJQDOV WUDQVORFDWHG WR WKH URRW > @ 5HFHQWO\ LW ZDV VXJJHVWHG WKDW &(3&(35
GHSHQGHQW VLJQDOOLQJ FRQWUROV $UDELGRSVLV DQG 0HGLFDJR URRW V\VWHP DUFKLWHFWXUH
JUDYLWURSLF VHWSRLQW DQJOH RI ODWHUDO URRWV VKRRW DX[LQ OHYHOV DQG URRWZDUG DX[LQ
WUDQVSRUW>@+RZHYHUEDVHGRQWKHGLYHUVHH[SUHVVLRQSDWWHUQVRI&(3IDPLO\SHSWLGHV
>@DQGD UHFHQWO\GHVFULEHG UROH LQ VXFURVHGHSHQGHQWHQKDQFHPHQWRI ODWHUDO URRW
JURZWK>@WKHVHSHSWLGHVOLNHO\SOD\LPSRUWDQWUROHVEH\RQGQLWURJHQDFTXLVLWLRQ 
7KH SK\WRKRUPRQH DX[LQ UHJXODWHV PDQ\ SODQW JURZWK DQG GHYHORSPHQWDO
SURFHVVHVDQGLVSURPLQHQWO\LQYROYHGLQODWHUDO URRWGHYHORSPHQW >@7KHFRUH
FRPSRQHQWV RI WKH WUDQVFULSWLRQDO DX[LQ UHVSRQVH DUH WKH $8;,1 5(63216(
)$&725V$5)VZKLFKDUHWUDQVFULSWLRQIDFWRUVRIZKLFKWKHDFWLYLW\LVFRQWUROOHG
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E\$8;,1,1'2/($&(7,&$&,',1'8&,%/($8;,$$VUHSUHVVRUSURWHLQV
>@7KHDEXQGDQFHRIWKHVH$8;,$$VLVLQDQDX[LQGHSHQGHQWPDQQHUFRQWUROOHG
E\ $8;,$$í75$163257 ,1+,%,725 5(63216(  7,5$8;,1
6,*1$/,1*)%2;3527(,1$)%FRUHFHSWRUFRPSOH[HVWKDWOHDGWRXELTXLWLQ
PHGLDWHGGHJUDGDWLRQRI WKHVH$8;,$$V>@VXSSOHPHQWDO)LJ67RJHQHUDWH
DX[LQPHGLDWHGRXWSXWVDFRPSOH[PHFKDQLVPLQYROYLQJVSDWLRWHPSRUDOH[SUHVVLRQ
RI $5)V DQG $8;,$$V YDULDWLRQ LQ DX[LQ VHQVLWLYLW\ RI 7,5 $)% FRUHFHSWRU
FRPSOH[HVSKRVSKRU\ODWLRQDQGVXPR\ODWLRQPHGLDWHG$5)í$8;,$$LQWHUDFWLRQV
DQG UHJXODWLRQ RI SURWHDVRPH DFWLYLW\ LV UHTXLUHG >@ +RZHYHU ILQHWXQLQJ
WHPSRUDODQGVSDWLDOGHYHORSPHQWDOUHVSRQVHVDWWKHSURWHLQOHYHOPRVWOLNHO\UHTXLUHV
DGGLWLRQDO PHFKDQLVPV WR WKH RQHV GHVFULEHG DERYH )RU H[DPSOH VPDOO VLJQDOLQJ
SHSWLGHVDUHLPSRUWDQWLQFHOOFHOOFRPPXQLFDWLRQWRFRRUGLQDWHDQGLQWHJUDWHFHOOXODU
IXQFWLRQV > @ DV VHHQ LQ WKH 75$&+($5< (/(0(17 ',))(5(17,$7,21
,1+,%,725< )$&725 7',) í 7',) 5(&(3725 7'5 í
%5$66,1267(52,',16(16,7,9(%,1VLJQDOLQJFDVFDGHWKDWLQWHUIHUHVZLWK
$5)í$8;,$$LQWHUDFWLRQV>@  
$ELRWLF VWUHVVHV VXFK DV GURXJKW KDYH D GUDPDWLF LPSDFW RQ SODQW JURZWK
GHYHORSPHQW DQG UHSURGXFWLRQ >@ EXW OLWWOH LV NQRZQ DERXW WKH UROH RI DX[LQ LQ
GURXJKW UHVSRQVHV >@ DQG HYHQ OHVV DERXW WKH LQYROYHPHQW RI SHSWLGHV GHULYHG
IURP QRQIXQFWLRQDO SUHFXUVRUV >@ $8;,$$V IXQFWLRQ DV KXEV WR LQWHJUDWH
JHQHWLFDQGHQYLURQPHQWDOLQIRUPDWLRQLQFOXGLQJGURXJKWDQGRVPRWLFVWUHVV>@DQG
DFFXPXODWLRQRI DX[LQ LQ WKH URRW V\VWHPHQKDQFHVZKHDW \LHOGXQGHUGURXJKW >@
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5HJDUGLQJ SHSWLGHV D SULPH H[DPSOH LV &/$9$7$(0%5<26855281',1*
5(*,215(/$7('  &/( ZKLFK PRYHV IURP URRWV WR OHDYHV WR WUDQVPLW D
GHK\GUDWLRQVLJQDODQGHQKDQFHVGURXJKWUHVLVWDQFHE\LQGXFLQJDEVFLVLFDFLGOHYHOVDQG
FRQWUROOLQJVWRPDWDOFORVXUH>@  
+HUHZHVHWRXWWRGHWHUPLQH&(3PHGLDWHGSURWHRPHFKDQJHVDQGWRH[SORUH
SRWHQWLDOFURVVWDONEHWZHHQ&(3DQGDX[LQVLJQDOLQJ:HGHPRQVWUDWHG WKDW&(3
GHSHQGHQWVLJQDOLQJOHDGVWRWKHVWDELOL]DWLRQRI$8;,$$WUDQVFULSWLRQDOUHSUHVVRUV
DUJXLQJ IRU WKH H[LVWHQFH RI D QRYHO SHSWLGHGHSHQGHQW FRQWURO PHFKDQLVP WKDW
FRQWULEXWHVWRWKHILQHWXQLQJRIDX[LQVLJQDOLQJ,QDGGLWLRQZHDVVLJQHGDQRYHOUROH
IRU&(3LQGURXJKWVWUHVVUHVSRQVH 
 
(;3(5,0(17$/352&('85(6 
 
3ODQWPDWHULDOV 
 
7KH IROORZLQJ WUDQVJHQLF OLQHV DQG PXWDQWV ZHUH GHVFULEHG SUHYLRXVO\
S&(3Q*)3*86&(32(DQG&(351$L>@6',,9(186>@[LS>@
FHSU>@S'5/8&>@,$$+$>@S%'/%'/*86>@USQD>@
USWD >@ pRGA::GFP:RGA [37], FKO >@ DX[ >@ DX[ >@ SLQ
HLU>@D[U>@DQGWLUDIEDIE>@DOVRVHHVXSSOHPHQWDO7DEOH
6  
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3ODQWJURZWKDQGWUHDWPHQWFRQGLWLRQV 
 
Plant growth details are described in the Supplementary Information. )RUSURWHRPH
DQGT3&5DQDO\VHVVHHGOLQJVZHUHJURZQRQVTXDUHSHWULSODWHVXQGHUFRQWLQXRXVOLJKW
)RUSKRVSKRSURWHRPHDQDO\VHVVHHGOLQJVZHUHJURZQLQOLTXLGFXOWXUH2VPRWLFVWUHVV
DQDO\VHV ZHUH SHUIRUPHG DV GHVFULEHG SUHYLRXVO\ >@ 6SHFLILFDOO\ ZLOG W\SH DQG
PXWDQW VHHGVZHUHHTXDOO\GLVWULEXWHGRQFPGLDPHWHUSHWULGLVKHVDQGVHHGOLQJV
ZHUH JURZQ RQ KDOIVWUHQJWK 0XUDVKLJH DQG 6NRRJ 06 ZLWK RU ZLWKRXW LQGLFDWHG
FRQFHQWUDWLRQRI'PDQQLWRO6LJPDXQGHUDKGD\DQGKQLJKWUHJLPH)RUVKRUW
WHUPWUHDWPHQWVLQYROYLQJWUDQVIHUWKHJURZWKPHGLXPZDVRYHUODLGZLWKQ\ORQPHVK
3URVHSRIPSRUHVL]HWRIDFLOLWDWHWUDQVIHU7KHdrought-tolerance assay in soil
ZDV SHUIRUPHG DV GHVFULEHG SUHYLRXVO\ ZLWK VOLJKW PRGLILFDWLRQV >@ 6SHFLILFDOO\
ZLOGW\SHDQGPXWDQWVHHGOLQJVZHUHUDQGRPL]HGLQWKHVDPHWUD\IRUGD\VEHIRUH
WKHZHLJKWRIDOOSRWVZDVHTXDOL]HG:DWHUZDVZLWKKHOGIRUDSSUR[LPDWHO\ZHHNV
DQGWKHQSODQWVZHUHUHZDWHUHG3ODQWVRIHDFKJHQRW\SHZHUHXVHGWRDVVHVVVXUYLYDO
LQ WKUHH LQGHSHQGHQWH[SHULPHQWVFor peptide treatments, media were supplemented 
with CEP5pPro, CEP5pHyp, or mCEP5pHyp peptide (supplemental Figure S2) to 
concentrations indicated in the text and/or figure legends. For root analysis, seeds were 
grown vertically on square Petri plates. For the MG132 treatment, seedlings were 
germinated on ½ MS medium (on square vertical plates), and 4 days after germination 
(DAG) the seedlings were transferred to ½ MS medium containing 10 µM MG132 (on 
square vertical plates) for 2 days.   
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([SHULPHQWDO'HVLJQDQG6WDWLVWLFDO5DWLRQDOHIRU3URWHRPLFV 
   
)RUSURWHRPHDQDO\VHVWKHVKRRWVRIYHUWLFDOO\JURZQ&RODQG&(32(VHHGOLQJVRQ
PHVK DW  '$* ZHUH KDUYHVWHG DIWHU UHPRYLQJ WKH URRW XVLQJ D VFDOSHO IRU HDFK
UHSOLFDWHDERXWJRI WLVVXHZDVKDUYHVWHGDQG IUR]HQ LQ OLTXLGQLWURJHQ ,Q WRWDO
VDPSOHVZHUHDQDO\]HGZLWKELRORJLFDOUHSHDWVIRUHDFKJHQRW\SHZKLFKLVQHFHVVDU\
IRU VXEVHTXHQW VWDWLVWLFDO DQDO\VHV &RO ZDV XVHG DV WKH ZLOGW\SH FRQWURO )RU
SKRVSKRSURWHRPHDQDO\VHVOLTXLGFXOWXUHJURZQIRUGD\VDIWHUJHUPLQDWLRQ&RO
ZLOGW\SHRU&(32(VHHGOLQJVDQG&ROZLOGVHHGOLQJVWUHDWHGZLWK 5 µM CEP5pHyp 
or 5 µM mCEP5pHyp for one hour were harvested in three biological replicates (about 
1 gram fresh material was harvested for one replicate).&RORU&ROWUHDWHGZLWK5 
µM mCEP5pHyp, respectively, ZHUHXVHGDVFRQWUROV. 
'DWDILOWHULQJDQGVWDWLVWLFDODQDO\VHVZHUHSHUIRUPHGDVSUHYLRXVO\GHVFULEHG>@
7KHRULJLQDOGDWDVHWZLWKORJWUDQVIRUPHGLQWHQVLWLHVZDVVSOLWLQWRWKUHHVXEVHWV7KH
ILUVWVXEVHWFRQVLVWHGRISURWHLQVWKDWZHUHGHWHFWHGLQRXWRIELRORJLFDOUHSHDWVLQ
ERWKJHQRW\SHVRUSKRVSKRSHSWLGHVWKDWZHUHGHWHFWHGLQRXWRIELRORJLFDOUHSHDWV
LQ ERWK JHQRW\SHV RU WUHDWPHQWV 7KLV GDWDVHW ZLWK QR RU IHZ PLVVLQJ YDOXHV ZDV
FKHFNHG IRU QRUPDO GLVWULEXWLRQ DQG WKHQ VXEPLWWHG IRU VWDWLVWLFDO DQDO\VLV ZLWKRXW
DSSO\LQJDQ\ LPSXWDWLRQZKLFKZDVSHUIRUPHGDVGHVFULEHGSUHYLRXVO\ >@$
WZRVDPSOHWHVWZLWKSZDVFDUULHGRXWWRWHVWWKHGLIIHUHQFHVEHWZHHQJURXSV
DQG WKH FHQWHUHG VLJQLILFDQW KLWV ZHUH =VFRUHG DQG WKHQ FOXVWHUHG LQWR JURXSV E\ D
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KLHUDUFKLFDO FOXVWHULQJ DQDO\VLVEDVHGRQ3HDUVRQFRUUHODWLRQ DQGYLVXDOL]HGDVKHDW
PDSV7KHVHFRQGGDWDVHWZKLFKFRQWDLQHGSURWHLQVRUSKRVSKRSHSWLGHVRQO\TXDQWLILHG
LQRIWKHELRORJLFDOUHSOLFDWHVRURIWKHELRORJLFDOUHSOLFDWHVUHVSHFWLYHO\RIDW
OHDVWRQHJHQRW\SHZDVFRQVLGHUHGDV³XQUHOLDEOH´DQGH[FOXGHGIURPIXUWKHUDQDO\VLV
7KH SURWHLQV WKDW KDG  RU  YDOXH LQ RQH JHQRW\SH DQG  RU  YDOXHV LQ WKH RWKHU
JHQRW\SHRUWKHSKRVSKRSHSWLGHVWKDWKDGYDOXHVLQRQHJHQRW\SHRUWUHDWPHQWDQG
RUYDOXHVLQWKHRWKHUJHQRW\SHRUWUHDWPHQWZHUHFOXVWHUHGLQWRWKHWKLUGGDWDVHW7KLV
GDWDVHW FRQWDLQHGXQLTXHKLWV IRURQHJHQRW\SHRU WUHDWPHQWwithout any subsequent 
statistical analysis 
 
3URWHLQH[WUDFWLRQDQG6&;IUDFWLRQDWLRQ  
 
3URWHLQH[WUDFWLRQZDVSHUIRUPHGDVSUHYLRXVO\GHVFULEHG>@7KHSURWHLQSHOOHWVZHUH
ZDVKHGZLWKDFHWRQHDQGUHVXVSHQGHGLQ0XUHDLQP0WULHWK\ODPPRQLXP
ELFDUERQDWH 7($% EXIIHU S+  %HIRUH WKH SURWHLQ FRQFHQWUDWLRQ ZDV PHDVXUHG
XVLQJ1DQR'URS7KHUPR)LVKHUUHGXFWLRQDQGDON\ODWLRQZHUHSHUIRUPHGE\DGGLQJ
WULVFDUER[\HWK\OSKRVSKLQH 7&(3 3LHUFH DQG LRGRDFHWDPLGH 6LJPD$OGULFK WR
ILQDOFRQFHQWUDWLRQVRIP0DQGP0UHVSHFWLYHO\DQGVDPSOHVZHUHLQFXEDWHG
IRUPLQDW&LQWKHGDUN)RUHDFKELRORJLFDOUHSOLFDWHPJRIWRWDOSURWHLQZDV
SUHGLJHVWHGZLWK(QGR/\V&:DNR&KHPLFDOVIRUKUVDQGWKHQGLJHVWHGZLWKWU\SVLQ
RYHUQLJKW3URPHJD7U\SVLQ*ROGPDVVVSHFWURPHWU\JUDGHDIWHUGLOXWLQJWKHVDPSOHV
 WLPHVZLWKP07($%EXIIHU S+7KHGLJHVWZDVDFLGLILHG WRS+ ZLWK
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WULIOXRURDFHWLF DFLG 7)$DQGGHVDOWHGZLWK6DPSOL4&63(FDUWULGJHV $JLOHQW
DFFRUGLQJWRWKHPDQXIDFWXUHU¶VJXLGHOLQHV  
   6&; IUDFWLRQDWLRQ ZDV SHUIRUPHG DV GHVFULEHG >@ 7KUHH GLVFV RI  PP
GLDPHWHURISRO\VW\UHQHGLYLQ\OEHQ]HQHFRSRO\PHUZLWKVXOIRQLFDFLG(PSRUH0
ZHUHVWDFNHGLQDOSLSHWWHWLSWRPDNH6&;WLSV7KHGHVDOWHGSHSWLGHVZHUHIXOO\
GULHG LQ D YDFXXP FHQWULIXJH DQG WKHQ UHVXVSHQGHG LQ ORDGLQJ EXIIHU > YY
DFHWRQLWULOHYY7)$@ȝJRISHSWLGHPDWHULDOLQȝOORDGLQJEXIIHUZDV
ORDGHG RQ 6&; WLSV ZKLFK ZHUH ILUVW ULQVHG ZLWK  ȝO DFHWRQLWULOH $&1 7KHQ
SHSWLGHVZHUHHOXWHGE\XVLQJȝOHDFKRIWKHIROORZLQJ6&;IUDFWLRQDWLRQEXIIHUV
P0DPPRQLXPDFHWDWH>YYDFHWRQLWULOHYY7)$@IUDFWLRQ
P0DPPRQLXPDFHWDWH>YYDFHWRQLWULOHYY7)$@IUDFWLRQP0
DPPRQLXPDFHWDWH>YYDFHWRQLWULOHYY7)$@IUDFWLRQȝOHOXWLRQ
EXIIHU>YYDFHWRQLWULOHYY1+2+@IUDFWLRQZHUHXVHGWZLFHWRHOXWH
WKH UHPDLQLQJ SHSWLGHV  /  IRUPLF DFLG ZDV DGGHG WR IUDFWLRQ  WR DYRLG
GHDPLGDWLRQ7KHIUDFWLRQDWHGSHSWLGHVZHUHGULHGXQGHUYDFXXP(DFKIUDFWLRQZDV
GLVVROYHGLQȝORIYYDFHWRQLWULOHDQGYY7)$LPPHGLDWHO\SULRU WR
/&±0606DQDO\VLV 
 
3KRVSKRSHSWLGHHQULFKPHQW 
 
7KHSURWHLQVZHUHH[WUDFWHGDVGHVFULEHGDERYHDQGJWRWDOSURWHLQVZHUHWU\SVLQ
GLJHVWHG DQG VXEMHFWHG WR YDFXXP GU\LQJ EHIRUH SKRVSKRSHSWLGH HQULFKPHQW DV
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GHVFULEHGSUHYLRXVO\>@QRWHWKDWIUDFWLRQDWLRQZDVQRWXVHGIRUWKHVHDQDO\VHV,Q
EULHIWKHGULHGHOXDWHVZHUHUHVXVSHQGHGLQORIORDGLQJVROYHQWDFHWRQLWULOH
7)$DQGLQFXEDWHGZLWKPJ0DJ5H6\Q7L,0$&PLFURVSKHUHVIRUPLQDW
URRPWHPSHUDWXUH7KHPLFURVSKHUHVZHUHQH[WZDVKHGRQFHZLWKZDVKVROYHQW
DFHWRQLWULOH  7)$  P0 1D&O DQG WZR WLPHV ZLWK ZDVK VROYHQW  
DFHWRQLWULOH7)$7KHERXQGSKRVSKRSHSWLGHVZHUHHOXWHGZLWKWKUHHYROXPHV
ORID1+2+VROXWLRQ LPPHGLDWHO\IROORZHGE\DFLGLILFDWLRQWRS+ZLWK
IRUPLFDFLG3ULRUWR06DQDO\VLVWKHVDPSOHVZHUHYDFXXPGULHGDQGUHGLVVROYHGLQ
ȝ/RIYYDFHWRQLWULOHDQGYY7)$ 
 
/&0606DQDO\VLV 
 
/&0606 DQDO\VLV ZDV SHUIRUPHG DV SUHYLRXVO\ GHVFULEHG >@ The sample was 
loaded on an Ultimate 3000 RSLC nano LC (Thermo Fisher Scientific) where peptides 
were first separated by a trapping column (made in-KRXVHȝPLQWHUQDOGLDPHWHU
,'îPPȝPEHDGV&5HSURVLO-HD, Dr. Maisch, Ammerbuch-Entringen, 
Germany) and then loaded on an analytical column (made in-KRXVHȝP,'î
PPȝPEHDGV&5HSURVLO-HD, Dr. Maisch) at a flow rate of 300 nL/min using the 
following gradient: solvent A (0.1% TFA in water); a linear gradient from 98% solvent 
$ƍIRUPLFDFLGLQZDWHUWRVROYHQW%ƍIRUPLF acid in water/acetonitrile, 
YYIRUPLQVROYHQW%ƍIRUPLQ7KH/&ZDVLQ-line connected to a 
Q Exactive mass spectrometer (Thermo Fisher Scientific). The mass spectrometer was 
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operated in data-dependent, positive ionization mode, automatically switching between 
MS and MS/MS acquisition. MS/MS spectral data were acquired using the following 
settings: the source voltage was 3.4 kV and the capillary temperature was 275 °C, MS1 
ZDVDFTXLUHGDWUHVROXWLRQRI(?DWP]DQGDPDVVUange m/z 400±2000, and 
WKHWRSWHQRIWKHPRVW LQWHQVHLRQVUHVROXWLRQ(?DWP]ZHUHLVRODWHGIRU
MS2 using predefined selection criteria (AGC target 5 × 104 ions, maximum ion 
injection time 60 ms, isolation window 2 Da, fixed first mass 140 m/z, spectrum data 
type: centroid, underfill ratio 2%, intensity threshold 1.7xE4, exclusion of unassigned, 
1, 5±8, > 8 charged precursors, peptide match preferred, exclude isotopes on, dynamic 
exclusion time 20 s). HCD fragmentation was used to produce product ions for analysis. 
The HCD collision energy was set to 25% normalized collision energy and the 
polydimethylcyclosiloxane background ion at 445.120025 Da was used for internal 
calibration (lock mass). 
0606VSHFWUDZHUHVHDUFKHGDJDLQVWWKH$WKDOLDQDSURWHRPHGDWDEDVH7$,5
(? HQWULHV YHUVLRQ 1RYHPEHU  KWWSZZZDUDELGRSVLVRUJ XVLQJ WKH
0D[4XDQW VRIWZDUH YHUVLRQ  6HWWLQJV IRU 0D[4XDQW VHDUFKHV ZHUH VHW DV
IROORZV >@ 7U\SVLQ ZDV VHOHFWHG DV HQ]\PH VHWWLQJ &OHDYDJHV EHWZHHQ
O\VLQHDUJLQLQHSUROLQH UHVLGXHV ZHUH DOORZHG XS WR WZR PLVVHG FOHDYDJHV
&DUEDPLGRPHWK\ODWLRQRIF\VWHLQHUHVLGXHVZDVVHOHFWHGDVDIL[HGPRGLILFDWLRQDQG
oxidation on methionine residues and acetylation at the N terminus of proteins were
VHOHFWHG DV D YDULDEOH PRGLILFDWLRQ For the samples enriched for phosphopeptides, 
phosphorylation of serine, threonine and tyrosine residues was set as an additional 
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variable modification. 7KHPDVVWROHUDQFHIRUSUHFXUVRULRQVZDVVHWWRSSPIRUWKH
ILUVWVHDUFKDQGWRSSPIRUIUDJPHQWLRQVIRUWKHPDLQVHDUFK7KHPLQLPXPSHSWLGH
OHQJWKZDVVHW WRDPLQRDFLGVDQG WKHIDOVHGLVFRYHU\ UDWH IRUSHSWLGHDQGSURWHLQ
LGHQWLILFDWLRQV ZDV VHW WR WKH  GHIDXOW VHWWLQJ7KH 0D[ /)4 DOJRULWKP DOORZLQJ
ODEHOIUHHTXDQWLILFDWLRQDQGWKH³0DWFKLQJ%HWZHHQ5XQV´IHDWXUHZHUHHQDEOHG 
)RUWKHTXDQWLWDWLYHSURWHRPHDQGSKRVSKRSURWHRPHDQDO\VHVWKHµ3URWHLQ*URXSV¶
DQGµ3KRVSKR67<VLWHV¶RXWSXWILOHVUHVSHFWLYHO\JHQHUDWHGE\WKH0D[4XDQWVHDUFK
ZHUHORDGHGLQWR3HUVHXVVRIWZDUHYHUVLRQ7KHPDVVVSHFWURPHWU\SURWHRPLFV
GDWD KDYH EHHQ GHSRVLWHG WR WKH 3URWHRPH;FKDQJH &RQVRUWLXP YLD WKH 35,'( >@
SDUWQHU UHSRVLWRU\ ZLWK GDWDVHW LGHQWLILHU 3;' Annotated spectra can be 
consulted through MS-Viewer: KWWSPVYLHZHUXFVIHGXSURVSHFWRUFJL
ELQPVVHDUFKFJL"UHSRUWBWLWOH 06
9LHZHU	VHDUFKBNH\ IWVMQUXF	VHDUFKBQDPH PVYLHZHU 7KH PDVV VSHFWURPHWU\
SKRVSKRSURWHRPLFVGDWDKDYHEHHQGHSRVLWHGWRWKH3URWHRPH;FKDQJH&RQVRUWLXPYLD
WKH35,'(>@SDUWQHUUHSRVLWRU\ZLWKGDWDVHWLGHQWLILHUV 3;'&(32(DQG
3;'&(3S+\SWUHDWPHQWAnnotated spectra can be consulted through MS-
Viewer: KWWSPVYLHZHUXFVIHGXSURVSHFWRUFJLELQPVVHDUFKFJL"UHSRUWBWLWOH 06
9LHZHU	VHDUFKBNH\ \RXUPVF	VHDUFKBQDPH PVYLHZHU &(32( DQG
KWWSPVYLHZHUXFVIHGXSURVSHFWRUFJLELQPVVHDUFKFJL"UHSRUWBWLWOH 06
9LHZHU	VHDUFKBNH\ SFOFOO]KF	VHDUFKBQDPH PVYLHZHU&(3S+\SWUHDWPHQW.  
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,QVLOLFRGDWDDQDO\VHV 
 
9HQQ GLDJUDPV ZHUH FUHDWHG ZLWK WKH 9HQQ\  RQOLQH WRRO
KWWSELRLQIRJSFQEFVLFHVWRROVYHQQ\ :H SHUIRUPHG *2 FDWHJRUL]DWLRQ XVLQJ
7$,5 https://www.arabidopsis.org/tools/bulk/go/index.jsp), quantifying the number 
of genes belonging to a particular GO category versus the total number of genes from 
the input list. We prioritized GO categories that were present at least for 15% of the 
candidates and that indicated a process to explore.  
 
+LVWRFKHPLFDO*86DVVD\V 
 
)RU*86DVVD\VSODQWVZHUHSXWRYHUQLJKWLQDFHWRQHWKHQWUDQVIHUUHGWRD*86
VROXWLRQ>P0;*OFYYGLPHWK\OIRUPDPLGH'0)YY7ULWRQ;
  P0 ('7$ S+   P0 SRWDVVLXP IHUULF\DQLGH .)H&1 
SRWDVVLXPIHUURF\DQLGH.)H&1P0SKRVSKDWHEXIIHUS+@DQGLQFXEDWHG
DW&IRU*86VWDLQLQJDQGILQDOO\ZDVKHGLQP0SKRVSKDWHEXIIHUS+7KH
DJHRIVHHGOLQJVLVLQGLFDWHGLQWKHWH[WDQGRUILJXUHOHJHQGV)RUPLFURVFRSLFDQDO\VLV
VDPSOHV ZHUH FOHDUHG ZLWK  ODFWLF DFLG RU DV GHVFULEHG LQ >@ 6DPSOHV ZHUH
DQDO\]HG E\ GLIIHUHQWLDO LQWHUIHUHQFH FRQWUDVW PLFURVFRS\ 2O\PSXV %; DQG D
VWHUHRPLFURVFRSH/HLFD0=  
 
LUCIFERASE imaging and expression analysis 
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The LUCIFERASE images were taken by a Lumazone machine carrying a CCD camera 
(Priceton instrument). The CCD camera with macro lens is controlled by WinView/32 
software, and LUCIFERASE expression movies were taken automatically every 10 min 
with 10 min exposure time for ~ 24 hours. Before imaging, plates containing ½ MS 
were sprayed with 1 mM D-Luciferin (Duchefa Biochemie). The series of pictures were 
saved in the TIFF format, and subsequently, the expression level of pDR5::LUC in 3-
day-old seedlings was measured by selecting the region of interest and quantifying the 
analog-digital units (ADU) per pixel using ImageJ.  
 
T3&5DQDO\VHV 
 
'HWDLOV RQ WKH H[SHULPHQWDO VHWXSV DUH GHVFULEHG LQ WKH WH[W RU ILJXUH OHJHQGV DQG
SULPHUVFDQEHIRXQGLQ6XSSOHPHQWDU\,QIRUPDWLRQ  
 
',, 9(186IOXRUHVFHQFHTXDQWLILFDWLRQ 
 
)RU',,9(186IOXRUHVFHQFHPHDVXUHPHQWV LQ)LJDQGLQVXSSOHPHQWDO)LJXUHV
6 6 DQG 6  GD\ROG VHHGOLQJV ZHUH LPDJHG RQ D /HLFD 63 FRQIRFDO
PLFURVFRSH/HLFD:HW]ODU*HUPDQ\QPGHWHFWRUJDLQYDOXHRIIVHWYDOXH
6WDWLFLPDJHVRIHDFKVHHGOLQJZHUHWDNHQDQGIOXRUHVFHQFHZDVTXDQWLILHGE\
FDOFXODWLQJUDZLQWHJUDWHGGHQVLW\YDOXHVIRUHDFKLPDJHPHDVXUHGXVLQJ),-,VRIWZDUH
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>@%DFNJURXQGIOXRUHVFHQFHZDVUHPRYHGXVLQJDWKUHVKROGZKLFKZDVVHWPDQXDOO\
XVLQJWKH,PDJH-µVHWWKUHVKROG¶WRROWKUHVKROGZDVMXGJHGWREHVHWZKHQWKHHGJHVRI
WKHQXFOHLZHUHFOHDUO\GHILQHGZLWKDPLQLPXPRIEDFNJURXQGLQWHUIHUHQFHDQGRQO\
IOXRUHVFHQFHFRPLQJIURPWKHQXFOHLZDVTXDQWLILHG$]RQHMXVWDERYHWKHURRWKDLU
LQLWLDWLRQ]RQHZDVXVHGIRUIXUWKHUDQDO\VHV$OWHUQDWLYHO\VHHGOLQJVZHUHLPDJHGRQ
DQLQYHUWHG1LNRQHFOLSVH7L8FRQIRFDOPLFURVFRSH1LNRQ-DSDQZLWKDIL[HGGHOD\
RIPLQXWHVRYHUDPLQLPXPRIKRXUV[REMHFWLYHDGHWHFWRUXVLQJJDLQ
YDOXHRIIVHWYDOXH%DFNJURXQGIOXRUHVFHQFHZDVUHPRYHGXVLQJDWKUHVKROG
ZKLFKZDVVHWPDQXDOO\XVLQJWKH,PDJH-µVHWWKUHVKROG¶WRROWKUHVKROGZDVMXGJHGWR
EHVHWZKHQWKHHGJHVRIWKHQXFOHLZHUHFOHDUO\GHILQHGZLWKDPLQLPXPRIEDFNJURXQG
LQWHUIHUHQFH DQG RQO\ IOXRUHVFHQFH FRPLQJ IURP WKH QXFOHL ZDV TXDQWLILHG 3ORWV
SUHVHQWHGLQ)LJXUHV$(DQGVXSSOHPHQWDO)LJXUHV6VKRZFKDQJHVLQUDZ
LQWHJUDWHGGHQVLW\YDOXHVKRZPDQ\IOXRUHVFHQWSL[HOV),-,VRIWZDUHFRXQWHGRQFHWKH
EDFNJURXQGZDVVXEWUDFWHGRYHUWLPHPHDVXUHGXVLQJ),-,VRIWZDUH>@$PLQLPXP
RIVHHGOLQJVaQXFOHLZHUHLQGHSHQGHQWO\TXDQWLILHGIRUHDFKFRQGLWLRQ)RUVKRUW
WHUP &(3S WUHDWPHQWV VHHGOLQJV Q    ZHUH LPDJHG RQ D /HLFD 63 FRQIRFDO
PLFURVFRSH/HLFD:HW]ODU*HUPDQ\ZLWKDIL[HGGHOD\RIPLQXWHVRYHUDPD[LPXP
RIKRXUVDQPGHWHFWRUXVLQJJDLQYDOXHRIIVHWYDOXHDYHUDJHGRYHU
IUDPHV)OXRUHVFHQFHZDVTXDQWLILHGDVWKHUHODWLYHFKDQJHLQUDZLQWHJUDWHGGHQVLW\
YDOXHVIURPVWDUWLQJIOXRUHVFHQFHRYHU WLPHPHDVXUHGXVLQJ),-, VRIWZDUH >@)RU
6XSSOHPHQWDO)LJ6RU'$6VHHGOLQJVZHUHLPDJHGRQD=HLVVFRQIRFDO
PLFURVFRSHQPGHWHFWRUJDLQYDOXHRIIVHW 
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Yeast assay 
 
CEP5pPro and mCEP5pPro were cloned into a pDONR entry vector and then into a 
modified, single-integration pGAL-Z4 [52] destination vector using Gateway BP and 
LR technologies. The Saccharomyces cerevisiae MATa W303-1A strain was co-
transformed with TIR1 and a ȕ-estradiol-inducible Z4 zinc finger transcription factor 
(Z4EV) [52], while the MATĮ:-29B strain was co-transformed with YFP-IAA7 or 
28 and Z4-inducible CEP5pPro or mCEP5pPro following protocols in [53]. These two 
strains were mated, resulting in diploid cells containing all four constructs. Degradation 
assays were performed using flow cytometry as described in [53]. Yeast cultures were 
treated simultaneously with 1 µM indole-3-acetic acid (in 95% ethanol) and 100 nM ȕ-
estradiol (in 95% ethanol). Equivalent volumes of 95% ethanol were used for mock 
treatments. 
 
$X[LQPHDVXUHPHQWV  
 
)RUDX[LQPHDVXUHPHQWVSJ&,$$LQWHUQDOVWDQGDUGZDVDGGHGWRHDFKVDPSOH
ZKLFK ZDV JHQHUDWHG IURP  GD\ ROG$UDELGRSVLV VHHGOLQJV DQG H[WUDFWLRQ DQG
SXULILFDWLRQ ZDV GRQH DV SUHYLRXVO\ GHVFULEHG >@ ZLWK PLQRU PRGLILFDWLRQV
4XDQWLILFDWLRQRIIUHH,$$ZDVWKHQSHUIRUPHGE\JDVFKURPDWRJUDSK\WDQGHPPDVV
VSHFWURPHWU\*&0606DVSUHYLRXVO\GHVFULEHG>@ 
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3URWHLQSXOOGRZQDQG,PPXQREORWWLQJ 
 
7KHSURWHLQVIURP,$$+$H[SUHVVLQJVHHGOLQJVZHUHDQDO\VHGE\6'6±3$*(
DQGYLVXDOL]HGZLWKDQWL+$5RFKHRUDQWLDFWLQ03ELRPHGLFDOFDW
QRDQWLERG\9LVLELOLW\RIEDQGVIRU,$$+$LQ)LJ*ZDVVLPXOWDQHRXVO\
LPSURYHG XVLQJ %ULJKWQHVV&RQWUDVW DQG /HYHO DGMXVWPHQWV LQ 3KRWRVKRS 7R DVVHVV
$8;,$$7,5LQWHUDFWLRQVpull down assays using Streptavidin Biotin:IAA7/17 DII 
peptides with 3xFLAG:TIR1 were performed LQ WKH SUHVHQFH RI ,$$ RU ,$$ 
&(3S+\S H[FOXGLQJ WKH QHJDWLYH FRQWURO ,$$ DQG &(3S+\S ZHUH XVHG DW
FRQFHQWUDWLRQVRI0DQG0UHVSHFWLYHO\7KHELQGLQJSDUWQHUVZHUHLQFXEDWHG
IRUKRXUDW&IROORZHGE\WKUHHZDVKHVLQ(%EXIIHU01D&O1RQLGHW
307ULV+&OS+P0GLWKLRWKUHLWRO00*ZLWKWKH,$$0
DQG&(3S+\S0WUHDWPHQWVPDLQWDLQHGThe 3xFLAG:TIR1 was produced in N. 
benthamiana upon transient expression. Detection was done using anti FLAG-HRP 
antibody. 
 
,PDJHDQDO\VHV 
 
)RU)LJ%'DQGVXSSOHPHQWDO)LJ6URVHWWHDUHDZDVPHDVXUHGLQ,PDJH-)RU
)LJ* DQGVXSSOHPHQWDO)LJ6ZHDSSOLHGDQ DYHUDJH WRSSL[HO LQWHQVLW\
PHDVXUHPHQW VWDUWLQJ IURP D QRQVDWXUDWHG LPDJHVFDQ XVLQJ ,PDJH- ELW LPDJH
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VHOHFW 52, $QDO\]H +LVWRJUDP YDOXHV DQG ([FHO IRU FDOFXODWLRQV 5DWLRV ZHUH
QRUPDOL]HGWRWKHUHVSHFWLYHORDGLQJFRQWUROVXSSOHPHQWDO)LJ6DQGDUHVKRZQ
UHODWLYHWRWKHVWDUWLQJSRLQWPLQ  
 
5(68/76 
 
3URWHRPH DQG SKRVSKRSURWHRPH DQDO\VHV UHYHDO D SRWHQWLDO UROH IRU &(3 LQ
DELRWLFVWUHVVUHVSRQVH 
 
:KLOH&(3KDVEHHQVKRZQWRSOD\DUROHLQVKRRWDQGURRWJURZWK>@SRVVLEO\
WKURXJKLQWHUDFWLRQZLWKWKH&(35;,3DQGRU&(35UHFHSWRUNLQDVH>@YHU\OLWWOH
LV NQRZQ DERXW WKH GRZQVWUHDP PROHFXODU HIIHFWV 7R JDLQ LQVLJKW LQ WKH FKDQJHV
GRZQVWUHDPRI&(3ZHTXDQWLILHGGLIIHUHQFHVLQSURWHRPHVRIZLOGW\SHDQG&(32(
VKRRWVXVLQJODEHOIUHHPDVVVSHFWURPHWU\EDVHGSURWHRPLFV)LJ$WRWDORI
SURWHLQJURXSVZHUHLGHQWLILHGDQGTXDQWLILHGLQRXUDQDO\VLVVXSSOHPHQWDO7DEOH6
$IWHUILOWHULQJIRUSURWHLQVWKDWZHUHGHWHFWHGLQRXWRIELRORJLFDOUHSHDWVLQDWOHDVW
RQHJHQRW\SHSURWHLQVZHUHUHWDLQHGIRUIXUWKHUGDWDDQDO\VLV$7WHVWS
PDUNHGSURWHLQVZLWKVLJQLILFDQWO\GLIIHUHQWDEXQGDQFHLQFOXGLQJXSDQG
GRZQUHJXODWHGSURWHLQVLQWKH&(32(OLQHFRPSDUHGWR&RO)LJ,QDGGLWLRQ
ZHGHILQHGXQLTXHKLWVLQRQHJHQRW\SHDVWKRVHSURWHLQVWKDWKDGQRRURQO\PLVVLQJ
YDOXHLQWKLVJHQRW\SHZKLOHKDYLQJRUPLVVLQJYDOXHVLQWKHRWKHUJHQRW\SH%\
WKLVFULWHULRQDQGXQLTXHSURWHLQVZHUHVSHFLILFDOO\GHWHFWHGLQWKH&(32(OLQH
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RULQ&ROUHVSHFWLYHO\)LJ7RJDLQDJOREDOXQGHUVWDQGLQJRIWKHGDWDVHWZH
DQDO\]HGWKHJHQHRQWRORJ\*2DQQRWDWLRQVLQWKHWRWDOVHWRIGLIIHUHQWLDOSURWHLQV
XSDQGGRZQUHJXODWHGLQ&(32(LQWRWDO7KLVUHYHDOHGWKDWDQG
RIWKHSURWHLQVEHORQJHGWRWKHELRORJLFDOSURFHVVHV³UHVSRQVHWRVWUHVV´DQG³UHVSRQVH
WRDELRWLFVWLPXOXV´UHVSHFWLYHO\VXSSOHPHQWDO)LJ6 
 
,QDGGLWLRQZHTXDQWLILHGGLIIHUHQFHV LQSKRVSKRSURWHRPHVRI LZLOG W\SHDQG
&(32(VHHGOLQJVDQGLLZLOGW\SHVHHGOLQJVWUHDWHGZLWK&(3S+\SRUP&(3S+\S
XVLQJ ODEHOIUHH PDVV VSHFWURPHWU\EDVHG SURWHRPLFV :H LGHQWLILHG  RU 
SKRVSKRU\ODWHGSHSWLGHVWKDWFRXOGEHPDSSHGRQRUSURWHLQVLQ&(32(DQG
&RO VHHGOLQJV RU LQ &(3S+\S DQG P&(3S+\SWUHDWHG VHHGOLQJV UHVSHFWLYHO\
VXSSOHPHQWDO )LJ 6 DQG VXSSOHPHQWDO 7DEOH 6$ VLPLODU GDWD DQDO\VLV DV
GHVFULEHG DERYH IRU WKH SURWHRPH UHYHDOHG  XQLTXH SKRVSKRSHSWLGHV SUHVHQW RU
DEVHQW LQ DOO WKUHH ELRORJLFDO UHSOLFDWHV RI RQH JHQRW\SH DQG  VLJQLILFDQWO\
GLIIHUHQWLDOO\DEXQGDQWSKRVSKRSHSWLGHV 7WHVWS LQ WKH&(32(YHUVXV&RO
GDWDVHW DQG  XQLTXH SUHVHQW RU DEVHQW LQ DOO WKUHH ELRORJLFDO UHSOLFDWHV RI RQH
WUHDWPHQW DQG  VLJQLILFDQW SKRVSKRSHSWLGHV LQ WKH &(3S+\S YHUVXV P&(3S+\S
GDWDVHW$OVR IRU WKHVH GDWD VHWV WKH ELRORJLFDO SURFHVVHV ³UHVSRQVH WR VWUHVV´ DQG
³UHVSRQVHWRDELRWLFVWLPXOXV´ZHUHZHOOUHSUHVHQWHGVXSSOHPHQWDO)LJ6 
,Q FRQFOXVLRQ &(32( SURWHRPH DQG SKRVSKRSURWHRPH SURILOLQJ LQGLFDWHG D
SRWHQWLDOUROHIRU&(3LQDELRWLFVWUHVVUHVSRQVHV 
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&(32(DQG&(3S+\SWUHDWHGSODQWVDUHRVPRWLFDQGGURXJKWVWUHVVWROHUDQW 
 
%HFDXVH RXU SKRVSKRSURWHRPH GDWD VXJJHVWHG D FRQQHFWLRQ EHWZHHQ &(3 DQG
DELRWLFVWUHVV$VGURXJKWLVDPDMRUDELRWLFVWUHVVWKDWUHGXFHVFURSSURGXFWLYLW\DQG
\LHOG>@ZHLQYHVWLJDWHGDUROHIRU&(3LQGURXJKWVWUHVVWROHUDQFH:KHQGD\
ROG ZLOGW\SH DQG &(32( SODQWV ZHUH H[SRVHG WR GURXJKW VWUHVV IRU  GD\V ZH
REVHUYHGWKDWZLOGW\SHSODQWVKDGWXUQHGSDOHDQGZLOWHGZKLOHRXWRI&(32(
SODQWVVWLOOKDGVRPHJUHHQOHDYHVVXSSOHPHQWDO)LJ6)XUWKHUPRUHRXWRI
&(32(SODQWVFRXOGUHFRYHUIURPGURXJKWDIWHUUHZDWHULQJVXSSOHPHQWDO)LJ6
1H[WEHFDXVHGURXJKWDQGVDOLQLW\DUHDVVRFLDWHGZLWKRVPRWLFVWUHVV>@ZHWHVWHG
LI RYHUH[SUHVVLRQ RI &(3 SURYLGHG WROHUDQFH WR RVPRWLF VWUHVV 6LQFH PDQQLWRO
LQGXFHGRVPRWLFVWUHVVLPSDFWVVKRRWJURZWKDQGURRWDUFKLWHFWXUH>@ZHH[SRVHG
&(32(DQGZLOGW\SHVHHGOLQJVWRP0PDQQLWROFRQWDLQLQJPHGLXPWRLQGXFHPLOG
RVPRWLF VWUHVV ZKLFK OHDGV WR D UHGXFHG URVHWWH VL]H E\  >@ 2Q PDQQLWRO
FRQWDLQLQJPHGLXPZLOGW\SHVHHGOLQJVGLVSOD\HGVWUHVVLQGXFHGHORQJDWHGOHDIVKDSHV
ZKLOH &(32( VHHGOLQJV KDG QRUPDOORRNLQJ URXQG OHDYHV )LJ $ ,Q DGGLWLRQ
FRPSDUHG WR FRQWURO FRQGLWLRQV D OHVV SURQRXQFHG UHGXFWLRQ LQ URVHWWH DUHD RQ
PDQQLWROFRQWDLQLQJPHGLXPZDVREVHUYHGLQ&(32(FRPSDUHGWR&ROLQ&RO
DQGLQ&(32($129$SYDOXH IRUJHQRW\SH[ WUHDWPHQW )LJ%
7DNHQ WRJHWKHURXU UHVXOWV VKRZHG WKDW LQFUHDVHG&(3 OHYHOV UHVXOWHG LQHQKDQFHG
RVPRWLF DQG GURXJKW VWUHVV WROHUDQFH +RZHYHU WKLV FDQ EH D GLUHFW HIIHFW RI &(3
DFWLYLW\RQUHJXODWLQJVWUHVVWROHUDQFHRUDQLQGLUHFWHIIHFWWKURXJKWKHLPSDFWRI&(3
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RQSODQWGHYHORSPHQWDQGFRQVHTXHQWO\UHGXFHGVRLOZDWHUXVDJH 
3UHYLRXVO\LWZDVVKRZQWKDWWKHPDWXUHELRDFWLYH&(3SHSWLGHLVOLNHO\D
DPLQRDFLGK\GUR[\SUROLQDWHGSHSWLGH UHIHUUHG WRDV&(3S+\S >@7R ORZHU WKH
HIIHFW RI FRQVWLWXWLYH KLJK &(3 OHYHOV RQ RYHUDOO JURZWK ZH H[SRVHG DOUHDG\
GHYHORSHGaGD\ROGZLOGW\SHVHHGOLQJVWRRVPRWLFVWUHVVZLWKRUZLWKRXWV\QWKHWLF
ELRDFWLYH&(3S+\S8SRQ&(3SK\SWUHDWPHQWVHHGOLQJVGLVSOD\HGQRRVPRWLFVWUHVV
LQGXFHGHORQJDWHGOHDIVKDSHV)LJ&DQGVKRZHGDVLJQLILFDQWO\ODUJHUURVHWWH)LJ
'7DNHQWRJHWKHURXUUHVXOWVVKRZHGWKDWWKHV\QWKHWLF&(3SHSWLGHLVVXIILFLHQWWR
SURWHFW$UDELGRSVLVDJDLQVWRVPRWLFVWUHVV  
)LQDOO\ZHH[SORUHG LI WKHSURSRVHG&(3UHFHSWRUNLQDVHVSOD\HGDSURPLQHQW
UROHLQRVPRWLFVWUHVVWROHUDQFH)RUWKLVZHXVHGWKHORVVRIIXQFWLRQ[LSPXWDQW
ZKLFKKDUERUVDSRLQWPXWDWLRQWKDWUHVXOWVLQWKHVXEVWLWXWLRQRIDVHULQHDWSRVLWLRQ
WRDSKHQ\ODODQLQHLQWKHNLQDVHGRPDLQRI;,3&(35>@DQGWKHORVVRIIXQFWLRQ
FHSUPXWDQWZKLFKFRQWDLQVDIUDPHVKLIWDQGVXEVHTXHQWHDUO\VWRSFRGRQDURXQG
WKH7'1$LQVHUWLRQVLWHLQ&(35>@+RZHYHUWKH[LSFHSUGRXEOHPXWDQW
GLG QRW GLVSOD\ D VLJQLILFDQW GLIIHUHQFH ZLWK UHVSHFW WR URVHWWH VL]H UHGXFWLRQ XSRQ
RVPRWLFVWUHVVWUHDWPHQWFRPSDUHGWR&ROVXSSOHPHQWDO)LJ6ZKLFKLQGLFDWHV
WKDW±DWOHDVWLQWKLVFRQWH[W±&(3DFWVLQGHSHQGHQWO\RIWKH&(35V 
 
&(32(VHHGOLQJVDUHSULPHGIRURVPRWLFVWUHVV 
 
&(3LVH[SUHVVHGWKURXJKRXWWKHVHHGOLQJDQGDGXOWSODQW>@%XWEHFDXVHKLJK
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OHYHOVRI&(3SURWHFW$UDELGRSVLV DJDLQVWRVPRWLF VWUHVVZH WHVWHGZKHWKHU&(3
H[SUHVVLRQLVUHJXODWHGE\RVPRWLFVWUHVV7KH&(3H[SUHVVLRQOHYHOGLGQRWFKDQJH
VLJQLILFDQWO\XSRQVKRUWWHUPXSWRKRXUVH[SRVXUHRIVHHGOLQJVWRPLOGRVPRWLF
VWUHVV  P0 PDQQLWRO ERWK LQ URRWV DQG VKRRWV VXSSOHPHQWDO )LJ 6$%
+RZHYHULQVHHGOLQJVVXEMHFWHGWRPLOGRVPRWLFVWUHVVP0PDQQLWROIRUDORQJHU
WHUPGD\VZHREVHUYHGDVPDOOEXWVLJQLILFDQWLQFUHDVHLQWKH&(3H[SUHVVLRQ
OHYHO VXSSOHPHQWDO )LJ 6& ,Q FRQWUDVW LQ VHHGOLQJV H[SRVHG WR PRUH VHYHUH
RVPRWLF VWUHVV P0PDQQLWRO IRU D ORQJHU WHUP GD\VZHREVHUYHGDGRZQ
UHJXODWLRQLQ&(3H[SUHVVLRQOHYHOVVXSSOHPHQWDO)LJ6'7DNHQWRJHWKHU WKLV
VXJJHVWHGWKDW&(3H[SUHVVLRQLVFRQWUROOHGE\RVPRWLFVWUHVVEXWWKDWWKHGXUDWLRQ
DQGLQWHQVLW\RIWKHUHVSRQVHDIIHFWVWKHRXWFRPH  
1H[WEHFDXVHZHREVHUYHGWKDWDOUHDG\XQGHUFRQWUROFRQGLWLRQV&(32(VHHGOLQJV
GLVSOD\HGVPDOOHUGDUNJUHHQDQGFRPSDFWOHDYHVDKDOOPDUNIRUVWUHVVHGSODQWV>@
)LJ$ZHK\SRWKHVL]HGWKDW&(32(VHHGOLQJVDUHSULPHGIRURVPRWLFVWUHVV7R
FRQWUROJURZWKXQGHURVPRWLFVWUHVVH[SUHVVLRQRIWKHWUDQVFULSWLRQIDFWRUV(5)DQG
(5)LVLQGXFHGYHU\HDUO\XSRQRVPRWLFVWUHVVDQGGLUHFWO\LQGXFHVWKHH[SUHVVLRQRI
RWKHUVWUHVVUHODWHGWUDQVFULSWLRQIDFWRUVVXFKDV6$/772/(5$1&(=,1&),1*(5
67=>@,QGHHG&(32(VHHGOLQJVVKRZHGLQFUHDVHGH[SUHVVLRQRI(7+</(1(
5(63216()$&725(5)(5)DQG67=LQFRQWUROFRQGLWLRQVZKHQFRPSDUHG
WRZLOGW\SH7KHVHHOHYDWHGOHYHOVRIH[SUHVVLRQZHUHVLPLODURUKLJKHUWRWKHOHYHORI
H[SUHVVLRQREVHUYHGLQZLOGW\SHXSRQH[SRVXUHWRPDQQLWROVWUHVVDQGFRXOGQRWEH
IXUWKHUXSUHJXODWHGE\H[SRVXUHWRPDQQLWROVWUHVV)LJ(DQGVXSSOHPHQWDO)LJ
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67KXV&(3SRVLWLYHO\DIIHFWVWKHH[SUHVVLRQRIVWUHVVUHJXODWHGJHQHVDVVRFLDWHG
ZLWK JURZWK DQG WKXV SULPHV SODQWV IRU RVPRWLF VWUHVV DOUHDG\ XQGHU XQVWUHVVHG
FRQGLWLRQV 
 
&(3DIIHFWVWUDQVFULSWLRQDODX[LQUHVSRQVH 
 
:HQH[WVRXJKW WR LGHQWLI\ WKH&(3DVVRFLDWHGPHFKDQLVPVPHGLDWLQJGURXJKWDQG
RVPRWLF VWUHVV WROHUDQFH :KLOH RXU SKRVSKRSURWHRPH GDWD LQGLFDWHG D &(3
PHGLDWHGUHJXODWLRQRIDELRWLFVWUHVVUHODWHGSURWHLQVVXFKDV615.>@ZH
GHFLGHG WR H[SORUH D SRVVLEOH FRQQHFWLRQ EHWZHHQ &(3 DQG DX[LQ 6SHFLILFDOO\
EHFDXVH RWKHU ORVV DQG JDLQRIIXQFWLRQ &(3 SKHQRW\SHV LQFOXGH DX[LQPHGLDWHG
FRQWURORIURRWDUFKLWHFWXUH>@DQGVLQFHWKHSK\WRKRUPRQHDX[LQUHJXODWHVPDQ\SODQW
JURZWKDQGGHYHORSPHQWDOSURFHVVHVLQFOXGLQJRVPRWLFDQGGURXJKWVWUHVVWROHUDQFH
>@>@7RHYDOXDWHWRZKDWH[WHQW&(3DIIHFWVWKHWUDQVFULSWLRQDODX[LQ
UHVSRQVHZHPDGHXVHRIDYDLODEOHDX[LQUHVSRQVLYH'5EDVHGPDUNHUV>@DQG
IRFXVHGRQWKHURRWWLSDVDPRUHWUDFWDEOHV\VWHPIRUVXFKDQDO\VHV>@:HREVHUYHG
UHGXFHGDFWLYLW\RIWKHDX[LQUHVSRQVHPDUNHUS'5*86 LQ WKHURRWWLSDQGLQWKH
EDVDO PHULVWHP IROORZLQJ &(3S+\S WUHDWPHQW DQG LQ WKH &(32( OLQH )LJ $%
6LPLODUO\ WKHRYHUDOO DYHUDJH LQWHQVLW\RI WKHS'5/8& VLJQDOZKLFKDOVRPDUNV
HYHQWVDVVRFLDWHGZLWKODWHUDOURRWGHYHORSPHQW>@ZDVVHYHUHO\UHGXFHGLQWKHURRW
)LJ&'VXSSRUWLQJRXUREVHUYDWLRQVZLWKS'5*86:HFRXOGIXUWKHUFRQILUP
WKHLPSDFWRQWKHWUDQVFULSWLRQDODX[LQUHVSRQVHWKURXJKDQDO\VLQJWKHDX[LQLQGXFLEOH
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H[SUHVVLRQRIURRWH[SUHVVHGJHQHVVXFKDV/2%'20$,1&217$,1,1*3527(,1
/%'/%'DQG3,1)250('3,1ZKLFKZDVUHGXFHGLQDX[LQWUHDWHG
&(32(URRWVFRPSDUHGWRWKHFRQWURO)LJ(6LPLODUO\ZHVKRZHGUHGXFHGDX[LQ
LQGXFLELOLW\RI$5)3,1DQG/%'H[SUHVVLRQLQ[LSFRPSDUHGWRWKHFRQWURO
VXSSOHPHQWDO)LJ6+RZHYHUWKLVPLJKWDOVREHGXHWRWKHRYHUDOOGLIIHUHQWURRW
DUFKLWHFWXUHRI[LSFRPSDUHGWR&ROVXSSOHPHQWDO)LJ6%)LQDOO\ZLOGW\SH
DQG &(32( VHHGOLQJV H[SUHVVLQJ S'5*86 ZHUH H[SRVHG WR PRFN DQG RVPRWLF
VWUHVV7KLVUHYHDOHGWKDWPDQQLWROWUHDWPHQWDIIHFWVWKHS'5*86H[SUHVVLRQSDWWHUQ
DQG LQWHQVLW\ LQ&ROURRW WLSVDQG WKDW WKLVSDWWHUQDQG LQWHQVLW\DUHVLPLODU WR WKH
XQWUHDWHG&(32(OLQH)LJ))XUWKHUPRUHPDQQLWROWUHDWPHQWRI&(32(GRHVQRW
IXUWKHU UHGXFH S'5*86 H[SUHVVLRQ LQ WKH URRW WLS )LJ ) 7RJHWKHU ZLWK WKH
HOHYDWHGH[SUHVVLRQOHYHOVRI(5)(5)DQG67=WKLVIXUWKHUVXJJHVWVWKDW&(32(
VHHGOLQJV DUH SULPHG IRU RVPRWLF VWUHVV UHVSRQVH DQG WKDW &(3 ± SRVVLEO\ WKURXJK
;,3&(35DQGRU&(35 ± DIIHFWV DX[LQUHVSRQVLYHJHQHH[SUHVVLRQ LQ WKH URRW
6LQFH S'5*86 H[SUHVVLRQ LV VLPLODUO\ DIIHFWHG LQ WKH VKRRW RI RXU &(32( OLQH
6XSSOHPHQWDO)LJ6ZHDVVXPHWKDWVLPLODUSDWKZD\VDUHDWZRUNLQWKHURRWDQG
LQWKHVKRRW 
 
&(3OHDGVWRVWDELOL]DWLRQRI$8;,$$V 
 
7UDQVFULSWLRQDO UHVSRQVHV WR DX[LQ GHSHQG SULQFLSDOO\ RQ WKH DX[LQDFWLYDWHG
6.3í&8/&'&í)%2; 6&)7,5$)%GHSHQGHQW SURWHDVRPHPHGLDWHG
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GHJUDGDWLRQRI$8;,$$V>@7KHDFWLYLW\OHYHORIWKH6&)7,5$)%FRPSOH[DQGRU
DX[LQ FRQFHQWUDWLRQ FDQ EH LQIHUUHG IURP WKH GHFUHDVH LQ ',,9(186 IOXRUHVFHQFH
OHYHOV LQ WKH URRW > @ ,Q WKH SUHVHQFH RI &(3S+\S DQG LQ D &(32( OLQH
',,9(186IOXRUHVFHQFHZDVVLJQLILFDQWO\LQFUHDVHGFRPSDUHGWRWKHFRQWURODQGWKLV
GLG QRW DSSHDU WR EH FDXVHG E\ DQ HTXDOO\ VWURQJ WUDQVFULSWLRQDO XSUHJXODWLRQ RI
',,9(186 H[SUHVVLRQ )LJ $% DQG VXSSOHPHQWDO )LJ 6 0RUHRYHU IRU
&(3S+\S D VWDELOL]DWLRQ RI ',,9(186 ZDV DOUHDG\ REVHUYHG ZLWKLQ  PLQXWHV
ZKLOH IRU PRFN RU P&(3S+\SWUHDWHG VHHGOLQJV D JUDGXDO GHFUHDVH LQ ',,9(186
VLJQDOZDVREVHUYHG)LJ&7RDVVHVVLI&(3FDQDOVRLQWHUIHUHZLWKDX[LQPHGLDWHG
GHJUDGDWLRQRI',,9(186ZHFRLQFXEDWHGDX[LQ,$$RU1$$ZLWK&(3S+\S7KLV
UHVXOWHG LQD VLJQLILFDQWGHOD\RI',,9(186GHJUDGDWLRQFRPSDUHG WRDX[LQDORQH
ZKLOH P&(3S+\S GLG QRW DIIHFW ',,9(186 GHJUDGDWLRQ )LJ '( DQG
VXSSOHPHQWDO)LJ6 
1H[WZHFKHFNHGLIFRQWUROOLQJ',,9(186OHYHOV LVDJHQHUDOIXQFWLRQIRU WKH
&(3 IDPLO\ +RZHYHU WKH UHODWHG &(3S+\S VXUSULVLQJO\ RQO\ KDG D PLQRU QRW
VLJQLILFDQWLPSDFWRQ',,9(186IOXRUHVFHQFHVXSSOHPHQWDO)LJ6)XUWKHUPRUH
WKH&(351$L OLQH DOUHDG\ GLVSOD\HG VLJQLILFDQWO\ ORZHU',,9(186 OHYHOV WKDQ WKH
FRQWURO)LJ)ZKLFKGLGQRWDSSHDUWREHFDXVHGE\DQHTXDOO\VWURQJWUDQVFULSWLRQDO
GRZQUHJXODWLRQRI',,9(186H[SUHVVLRQVXSSOHPHQWDO)LJ67DNHQWRJHWKHU
LW DSSHDUV WKDW QRW DOO &(3 IDPLO\ PHPEHUV LPSDFW ',,9(186 VWDELOLW\ :H DOVR
LQYHVWLJDWHG ',,9(186 OHYHOV LQ WKH ORVVRIIXQFWLRQ [LS PXWDQW 7KH [LS
PXWDQWGLVSOD\HGUHGXFHG',,9(186OHYHOVLQWKHURRWWLSVXSSOHPHQWDO)LJ6$
 by guest on M
ay 27, 2020
https://w
w
w
.m
cponline.org
D
ow
nloaded from
 
&(3SURPRWHVDELRWLFVWUHVVWROHUDQFHDQG$8;,$$VWDELOLW\ 
 
28 
 
EXW WKLV PLJKW DOVR EH DVVRFLDWHG ZLWK WKH RYHUDOO DOWHUHG URRW DUFKLWHFWXUH
VXSSOHPHQWDO)LJ6% 
7R YDOLGDWH WKDW &(3 DOVR DIIHFWV IXOO OHQJWK$8;,$$V ZH DQDO\]HG SODQWV
H[SUHVVLQJ 6,$$+$ >@ DQG S%2'(1/26%'/%'/*86 >@ ,QGHHG
&(3S+\SWUHDWPHQW RI WKHVH VHHGOLQJV UHVXOWHG LQ D TXLFN VWDELOL]DWLRQ RU
DFFXPXODWLRQRI,$$+$RU%'/*86FRPSDUHGWRP&(3S+\SRUPRFNWUHDWPHQW
DV UHYHDOHG E\ ZHVWHUQ EORW DQDO\VLV LQFUHDVHG EDQG LQWHQVLW\ RU *86 VWDLQLQJ
LQFUHDVHGLQWHQVLW\DQGH[SDQGHGGRPDLQUHVSHFWLYHO\)LJ*+DQGVXSSOHPHQWDO
)LJ 6 ,QWHUHVWLQJO\ DFFXPXODWLRQ RI PRUH VWDEOH %'/ LQ JDLQRIIXQFWLRQ EGO
SODQWVUHVXOWVLQVLPLODUODWHUDOURRWSKHQRW\SHVDVREVHUYHGIRULQFUHDVHG&(3OHYHOV
> @ IXUWKHU VXSSRUWLQJ WKDW &(3 DIIHFWV $8;,$$ OHYHOV DQG GLVWXUEV DX[LQ
GHSHQGHQWJURZWKDQGGHYHORSPHQW)XUWKHUPRUHWKH&(3PHGLDWHGVWDELOL]DWLRQRI
,$$ LV OLNHO\ DQ DGGLWLRQDO OD\HU WR FRQWURO DX[LQ UHVSRQVH XQGHU DELRWLF VWUHVV
FRQGLWLRQVLQDGGLWLRQWRWKH'(+<'5$7,215(63216,9((/(0(17%,1',1*
3527(,1  '5(%$ DQG &5(3($7'5( %,1',1* )$&725  &%)
PHGLDWHGFRQWURORI,$$H[SUHVVLRQXQGHUDELRWLFVWUHVVFRQGLWLRQV>@ 
 
&(3 GRHV QRW DIIHFW DX[LQ OHYHOV DQG GRHV QRW UHTXLUH DX[LQ WUDQVSRUW IRU LWV
DFWLYLW\ 
 
7KHDERYHUHVXOWVVXJJHVWHGWKDW&(3FRXQWHUDFWVDX[LQDFWLYLW\E\TXLFNO\DIIHFWLQJ
$8;,$$ OHYHOV HLWKHU GLUHFWO\ WKURXJK LQWHUIHULQJ ZLWK VLJQDOLQJGHJUDGDWLRQ
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FRPSRQHQWVRULQGLUHFWO\WKURXJKDIIHFWLQJIUHHDX[LQOHYHOVDQGRUDX[LQGLVWULEXWLRQ
SDWWHUQV%HFDXVHDX[LQUHVSRQVHDQG',,9(186OHYHOVDUHLQWLPDWHO\FRUUHODWHGZLWK
DX[LQ OHYHOV LW LVSRVVLEOH WKDW LQFUHDVHGRUGHFUHDVHG&(3 OHYHOV OHDG WR ORZHURU
KLJKHUDX[LQOHYHOVUHVSHFWLYHO\ZKLFKLQWXUQZRXOGUHVXOWLQGHFUHDVHGRULQFUHDVHG
DX[LQUHVSRQVH7RLQYHVWLJDWHWKLVZHFRPSDUHGDX[LQOHYHOV LQZLOGW\SH&(32(
DQG&(351$LVHHGOLQJVEXWWKLVUHYHDOHGQRVWULNLQJGLIIHUHQFHVLQIUHHDX[LQ,$$
LQGROHDFHWLFDFLGFRQWHQWVXSSOHPHQWDO)LJ6:HFDQKRZHYHUQRWH[FOXGH
WKDWRXUDQDO\VLVPLVVHG ORFDODQGRUPRUHVXEWOHFKDQJHV LQDX[LQ OHYHOV1H[WZH
ZDQWHGWRH[FOXGHWKDW&(3DIIHFWVDX[LQXSWDNHDQGRUWUDQVSRUWDQGFRQVHTXHQWO\
ORFDODX[LQDFFXPXODWLRQ7KHVLPLODUHIIHFWRI&(3RQ,$$DQG1$$LQGXFHG',,
9(186GHJUDGDWLRQWZRDX[LQVZLWKGLIIHUHQWWUDQVSRUWSURSHUWLHVDOUHDG\VXJJHVWHG
WKDW &(3 SUREDEO\ KDV QR GLUHFW HIIHFW RQ ORFDO DX[LQ XSWDNH DQGRU WUDQVSRUW7R
IXUWKHUH[SORUHWKLVJHQHWLFDOO\ZHWHVWHGVHQVLWLYLW\WR&(3RIWKHSLQIRUPHGSLQ
DX[LQHIIOX[DQGDX[LQDX[LQIOX[FDUULHUPXWDQWV ,WZDVSUHYLRXVO\VKRZQWKDW
&(3RYHUH[SUHVVLRQRU&(3S+\S WUHDWPHQW OHDGVWRDVLJQLILFDQWO\VKRUWHUSULPDU\
URRW FRPSDUHG WR FRQWURO FRQGLWLRQV >@ %RWK DX[ DQG SLQ GLVSOD\HG VLPLODU
VHQVLWLYLW\ WR &(3S+\S DSSOLFDWLRQ FRPSDUHG WR WKH ZLOG W\SH LQ WKH SULPDU\ URRW
JURZWK DVVD\ VXSSOHPHQWDO )LJ 6 )XUWKHUPRUH EHFDXVH &(3 ZDV VKRZQ WR
DIIHFW 1,75$7( 75$163257(5 157 H[SUHVVLRQ OHYHOV >@ DQG EHFDXVH
157&+/25,1$&+/QRWRQO\WUDQVSRUWVQLWUDWHEXWDOVRIDFLOLWDWHVXSWDNHRI
DX[LQ>@ZHHYDOXDWHGWKLVLQWKHFRQWH[WRI&(3:KLOH157H[SUHVVLRQOHYHOVDUH
LQGHHGXSUHJXODWHGLQ&(32(VHHGOLQJURRWVVXSSOHPHQWDO)LJ6$ZHGLGQRW
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REVHUYH DQ\REYLRXV LQVHQVLWLYLW\RI FKO D NQRFNRXWPXWDQW IRU 157 >@ WR
&(3S+\SLQRXUSULPDU\URRWJURZWKDVVD\VXSSOHPHQWDO)LJ6%7DNHQWRJHWKHU
WKHVHREVHUYDWLRQVVXJJHVWWKDW&(3LVOLNHO\QRWGLUHFWO\DIIHFWLQJDX[LQWUDQVSRUWDQG
WKDW157 LVQRWGLUHFWO\ LQYROYHG LQ WKH&(3GHSHQGHQW UHJXODWLRQRI WKHDX[LQ
UHVSRQVH  
 
&(3LQWHUIHUHVZLWKSURWHDVRPHDFWLYLW\ 
 
1H[WZHLQYHVWLJDWHGLI&(3DIIHFWV$8;,$$OHYHOVWKURXJKLQWHUIHULQJZLWKDX[LQ
VLJQDOLQJDQGRU$8;,$$GHJUDGDWLRQFRPSRQHQWV7KH LQFUHDVHG$8;,$$OHYHOV
FRXOGEH WKHFRQVHTXHQFHRI WUDQVFULSWLRQDOGRZQUHJXODWLRQDQGRUXSUHJXODWLRQRI
7,5$)%V DQGRU $8;,$$V UHVSHFWLYHO\ 7KHUHIRUH ZH FKHFNHG WKHLU H[SUHVVLRQ
OHYHOVLQD&(32(OLQHRULQ&(3S+\SWUHDWHGVHHGOLQJV7KLVDFWXDOO\UHYHDOHGDVPDOO
LQFUHDVHLQ7,5DQG$)%WR$)%H[SUHVVLRQOHYHOVLQ&(32(URRWVDQGQRREYLRXV
HIIHFWRQ,$$DQG,$$H[SUHVVLRQLQ&(3S+\SWUHDWHGVHHGOLQJVFRPSDUHGWRWKH
FRQWUROVXSSOHPHQWDO)LJ6  
7R VXEVHTXHQWO\ DVVHVV LI &(3 DIIHFWV WKH GHJUDGDWLRQ RI $8;,$$V YLD
LQWHUIHUHQFHZLWK WKHDFWLYLW\RI WKH6&)7,5$)%FRPSOH[ LQSODQWDZHDQDO\]HG WKH
HIIHFWRI&(3S+\SRQWKHDX[LQ UHVLVWDQWD[UDQGWLUDIEORVVRIIXQFWLRQPXWDQWV
$;5HQFRGHVDVXEXQLWRIDKHWHURGLPHULF58%DFWLYDWLQJHQ]\PHHVVHQWLDOIRUWKH
DFWLYDWLRQRIWKH7,5$)%)%2;SURWHLQVWKDWIXQFWLRQDVDQDX[LQUHFHSWRU>@
%RWKD[UDQG WLUDIEDIEDUH OHVVVHQVLWLYH WR&(3S+\S WUHDWPHQW LQD
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SULPDU\URRWJURZWKDVVD\VXJJHVWLQJWKDWDIXQFWLRQDO6&)7,5$)%FRPSOH[LV±DWOHDVW
SDUWLDOO\±LQYROYHGLQPHGLDWLQJ&(3DFWLYLW\RU±DOWHUQDWLYHO\±WKDWWKHVHPXWDQWV
DUHDOUHDG\VDWXUDWHGLQWKHLUSULPDU\URRWJURZWKDVVRFLDWHGUHVSRQVHVXSSOHPHQWDO
)LJ 6 ,Q DGGLWLRQ &(3S+\S GRHV QRW DSSHDU WR GLUHFWO\ DIIHFW WKH LQWHUDFWLRQ
EHWZHHQ WKH $8;,$$ GRPDLQ ,, SHSWLGH DQG 7,5 LQ WKH SUHVHQFH RI DX[LQ
VXSSOHPHQWDO)LJ6  
)LQDOO\ZH WHVWHG LI&(3DIIHFWHGGHJUDGDWLRQRI$8;,$$VE\ LQWHUIHULQJ
ZLWK SURWHDVRPH DFWLYLW\7KHUHIRUH ZH ILUVW JUHZ VHHGOLQJV LQ WKH SUHVHQFH RI WKH
SURWHDVRPHLQKLELWRU0*7KLVVKRZHGWKDW&(32(VHHGOLQJVDUHPRUHVHQVLWLYH
WR0*ZLWKUHVSHFWWRWKHLUSULPDU\URRWJURZWK)LJ$7RIXUWKHUVWUHQJWKHQWKH
SKDUPDFRORJLFDOUHVXOWZHJHQHWLFDOO\SHUWXUEHGWKHSURWHDVRPHDQGWHVWHGSURWHDVRPH
PXWDQWVZLWKUHVSHFWWRWKHLUVHQVLWLYLW\WR&(3WUHDWPHQW7KLVUHYHDOHGWKDWUSWD
FRQWDLQLQJDPXWDWLRQLQDVXEXQLWRIWKH6UHJXODWRU\SDUWLFOHRIWKHSURWHDVRPH
JDWHVWKHD[LDOFKDQQHORIWKH6FRUHSDUWLFOHDQGFRQWUROVVXEVWUDWHHQWU\DQGSURGXFW
UHOHDVH >@ DQG USQD FRQWDLQLQJ D PXWDWLRQ LQ D SDUW RI WKH 6 UHJXODWRU\
SDUWLFOH LQYROYHG LQ FRPSOH[ DVVHPEO\ >@ PXWDQWV DUH PRUH VHQVLWLYH WR &(3
WUHDWPHQWZLWKUHVSHFWWRSULPDU\URRWJURZWKFRPSDUHGWRWKHFRQWURO)LJ%7KH
JHQHWLF DQG SKDUPDFRORJLFDO UHVXOWV VXSSRUW WKDW LQFUHDVHG &(3 OHYHOV JHQHUDWH D
VHQVLWL]HGFRQGLWLRQ IRU ORVVRISURWHDVRPHDFWLYLW\ ,I&(3 LQGHHGDIIHFWVDJOREDO
SURFHVV VXFK DV WKH FRQVHUYHG SURWHDVRPHPHGLDWHG SURWHLQ GHJUDGDWLRQ ZH
VSHFXODWHGWKDWWKLVVKRXOGDOVRRFFXULQDKHWHURORJRXVV\VWHP7KHUHIRUHZHXVHGD
\HDVW V\VWHP HQJLQHHUHG WR PRQLWRU DX[LQLQGXFHG GHJUDGDWLRQ RI
 by guest on M
ay 27, 2020
https://w
w
w
.m
cponline.org
D
ow
nloaded from
 
&(3SURPRWHVDELRWLFVWUHVVWROHUDQFHDQG$8;,$$VWDELOLW\ 
 
32 
 
SODQW $8;,$$ SURWHLQV WKURXJK IOXRUHVFHQFH RI <(//2: )/825(6&(17
3527(,1<)3$8;,$$ IXVLRQSURWHLQV>@DQGZHDVVHVVHG$8;,$$VWDELOLW\
LQWKHSUHVHQFHRI&(3)RUWKLVZHLQWHJUDWHGWKHZLOGW\SH&(33URDQGPXWDQW
&(3DPLQRDFLGPDWXUHSHSWLGHVHTXHQFHP&(33URLQWRWKH\HDVWJHQRPHXQGHU
DȕHVWUDGLROLQGXFLEOHSURPRWHU,WVKRXOGEHQRWHGWKDW&(3S3URDQG&(3S+\SJLYH
YHU\VLPLODUUHVXOWVLQSODQWDEXWGLIIHULQWKHLUELRDFWLYLW\VXSSOHPHQWDO)LJ6
:HFRXOGVKRZWKDWLQGXFWLRQRI&(3S3URZDVVXIILFLHQWWRQHJDWLYHO\DIIHFWWKHDX[LQ
PHGLDWHGGHJUDGDWLRQRI<)3,$$DQG<)3,$$ LQ WKHSUHVHQFHRI D IXQFWLRQDO
7,5ZLWKLQPLQXWHVZKLOHWKLVZDVXQDIIHFWHGE\P&(3S3UR)LJ&7KHVH
UHVXOWV LQGLFDWH WKDW &(3 LQWHUIHUHV ZLWK GHJUDGDWLRQ RI$8;,$$V WKDW WKLV DOVR
RFFXUVLQWKHYHU\OLNHO\DEVHQFHRI&(3UHFHSWRUVDVVKRZQLQ\HDVWDQGWKDWWKLVLV
OLNHO\E\WDUJHWLQJSURWHDVRPHDFWLYLW\,WZLOOEHLQWHUHVWLQJWRIXUWKHUH[SORUHWKLVLQ
GHWDLODQGLGHQWLI\WKHSUHFLVHPRGHRIDFWLRQ(VSHFLDOO\EHFDXVHVRIDURXUUHVXOWV
VXJJHVWHGWKDWWKHHIIHFWRI&(3LVOLPLWHGWRDX[LQUHVSRQVHDVZHGLGQRWREVHUYHD
VLPLODULQFUHDVHLQVWDELOLW\XVLQJWKH5*$*)3UHSRUWHUZLWK5(35(66252)*$
5*$ EHLQJ WKH FRXQWHUSDUW RI WKH $8;,$$V LQ JLEEHUHOOLQ VLJQDOLQJ >@
VXSSOHPHQWDO)LJ6 
 
',6&866,21 
 
3UHYLRXVO\DUROHIRU&(3VLQUHJXODWLQJDVSHFWVRIURRWDUFKLWHFWXUHQDPHO\QLWUDWH
GHSHQGHQWODWHUDOURRWHORQJDWLRQZDVSURSRVHG6SHFLILFDOO\&(3VZHUHVXJJHVWHGWR
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DFWDVURRWGHULYHGDVFHQGLQJ1GHPDQGVLJQDOVWRWKHVKRRWZKHUHWKHLUSHUFHSWLRQE\
&(35VOHDGVWRWKHSURGXFWLRQRIDSXWDWLYHVKRRWGHULYHGGHVFHQGLQJVLJQDOWKDWXS
UHJXODWHVQLWUDWHWUDQVSRUWHUJHQHVLQWKHURRWV>@,QDGGLWLRQVHYHUDO&(3
SHSWLGHVZHUHVKRZQWRUHJXODWHODWHUDOURRWLQLWLDWLRQDQGSULPDU\URRWJURZWK>
@DQGHQKDQFHODWHUDOURRWJURZWKLQDVXFURVHGHSHQGHQWPDQQHU>@$OVRWDNLQJ
LQWR DFFRXQW WKH GLYHUVH H[SUHVVLRQ SDWWHUQV RI &(3 IDPLO\ SHSWLGHV LQFOXGLQJ
H[SUHVVLRQ LQ DHULDO RUJDQV >@ WKHVH SHSWLGHV OLNHO\ SOD\ LPSRUWDQW UROHV EH\RQG
QLWURJHQ VHQVLQJ LQ WKH UKL]RVSKHUH +RZHYHU WKH GRZQVWUHDP PHFKDQLVP ZDV
JHQHUDOL]HG EDVHG RQ VHOHFWHG PHPEHUV IURP WKH &(3 IDPLO\ DQG RWKHU SRWHQWLDO
PHFKDQLVPV KDYH KDUGO\ EHHQ H[SORUHG +HUH ZH H[SRVH D QRYHO UROH IRU &(3 LQ
FRQWUROOLQJGURXJKWDQGRVPRWLFVWUHVVWROHUDQFH,QWKLVFRQWH[WLWVKRXOGEHQRWHGWKDW
WKHUHLVFURVVWDONEHWZHHQQLWURJHQDQGGURXJKWVWUHVV>@ZKLFKPLJKWH[SODLQVRPH
RI WKH SKHQRW\SHV ZH REVHUYHG )XUWKHUPRUH RXU JHQHWLF ELRFKHPLFDO DQG
SKDUPDFRORJLFDO VWXGLHV VXJJHVW WKDW &(3 PRGXODWHV DX[LQUHJXODWHG $8;,$$
VWDELOLW\ VXSSOHPHQWDO)LJ6ZKLFK± LQ WKLVZD\± LPSDFWVRQDX[LQPHGLDWHG
SURFHVVHV VXFK DV GURXJKW DQG RVPRWLF VWUHVV WROHUDQFH )LJ %) SULPDU\ URRW
JURZWK>@DQGODWHUDOURRWLQLWLDWLRQ>@7KHDQWDJRQLVWLFUHODWLRQVKLSEHWZHHQDX[LQ
DQG&(3FRXOGEHLPSRUWDQWLQUHJXODWLQJDX[LQUHVSRQVHWKUHVKROGVDQGILQHWXQLQJ
YHU\VHQVLWLYHDQGRUORFDODX[LQUHVSRQVHVGXULQJJURZWKDQGGHYHORSPHQWWKURXJK
VWDELOL]LQJ$8;,$$V2QWKHRQHKDQGGURXJKWUHJXODWHGWUDQVFULSWLRQIDFWRUVZLOO
LPSDFWRQDX[LQVLJQDOLQJWKURXJKLQFUHDVLQJWKHH[SUHVVLRQRI$8;,$$V>@EXWWKH
H[SUHVVLRQRI$8;,$$V LVDOVRSRVLWLYHO\UHJXODWHGE\DX[LQ>@:KLOHRQWKH
 by guest on M
ay 27, 2020
https://w
w
w
.m
cponline.org
D
ow
nloaded from
 
&(3SURPRWHVDELRWLFVWUHVVWROHUDQFHDQG$8;,$$VWDELOLW\ 
 
34 
 
RWKHU KDQG DX[LQ ZLOO OHDG WR WKH GHJUDGDWLRQ RI$8;,$$ SURWHLQV >@ ZKLFK LV
DQWDJRQL]HGE\&(32XUUHVXOWVVXJJHVWWKDW&(3LPSDFWVWKHSURWHDVRPHEXWLW
UHPDLQV WR EH LQYHVWLJDWHG KRZ &(3 DFWV GLUHFWO\ DQG SRVVLEO\ VSHFLILFDOO\ RQ
6&)7,5$)%DQGSURWHDVRPHPHGLDWHG$8;,$$GHJUDGDWLRQVXSSOHPHQWDO)LJ6
,Q WKLV FRQWH[W WKH LGHQWLILFDWLRQ RI &(3 UHFHSWRUV ;,3&(35 DQG &(35 >@
FRPSOLFDWHV RXU PRGHO (VSHFLDOO\ EHFDXVH &(3 VHHPV WR EH DEOH WR VWDELOL]H
$8;,$$V LQ D KHWHURORJRXV \HDVW V\VWHP OLNHO\ QRW FRQWDLQLQJ WKH VLJQDOLQJ
FRPSRQHQWVLGHQWLILHGLQ$UDELGRSVLV7KLVIXUWKHUVXSSRUWVDGLUHFWHIIHFWRI&(3RQ
WKH6&)7,5$)%PDFKLQHU\RUGRZQVWUHDPGHJUDGDWLRQSURFHVVHV ,QFDVHRIDGLUHFW
LQWHUDFWLRQZLWKIRUH[DPSOH$8;,$$VDQGRU6&)7,5$)%&(3ZRXOGEHH[SHFWHG
WRORFDOL]HLQWKHQXFOHXVEXW±VRIDU±WKLVFRXOGQRWEHGHPRQVWUDWHG,QWULJXLQJO\
WKHUHDUHQRQSODQWH[DPSOHVRIUHFHSWRUVWKDWFKDSHURQHWKHLUVHFUHWHGOLJDQGLQWR
WKH QXFOHXV >@ DQG D VLPLODU PHFKDQLVP PLJKW H[LVW IRU WKH &(3í;,3 RU
&(35 SDLU UHFRQFLOLQJ WKH LQWHUDFWLRQ ZLWK D PHPEUDQHDVVRFLDWHG UHFHSWRU DQG D
GLUHFWHIIHFWRQDQXFOHDUSURFHVV$OWHUQDWLYHO\&(3PLJKWDFWRQWKHF\WRSODVPLF
ORFDOL]HG 7,5$)%V >@ 'HWDLOHG FHOO ELRORJLFDO DVVD\V ZLOO EH UHTXLUHG WR
FRQYLQFLQJO\GHPRQVWUDWHRQHRUERWKRIWKHDERYHPHQWLRQHGSRVVLELOLWLHVLQWKHIXWXUH 
*LYHQ WKH H[SUHVVLRQ SDWWHUQV RI WKH &(3 IDPLO\ >@ DQG HVSHFLDOO\ &(3 
ZKLFKDSSHDUVWRPLUURUDUHDVRILQFUHDVHGDX[LQUHVSRQVH>@WKHUHJXODWLRQRIDX[LQ
UHVSRQVH PD\ SURYH WR EH D JHQHUDO PHFKDQLVP IRU VRPH RI WKHVH VPDOO VLJQDOLQJ
SHSWLGHVWKURXJKRXWJURZWKDQGGHYHORSPHQW+RZHYHURXUGDWDVXJJHVWWKDW±DWOHDVW
ZLWK UHVSHFW WR VWDELOL]LQJ ',,9(186 ±&(3 LV OHVVSRWHQW VR WKHUH DUHSRVVLEO\
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GLIIHUHQFHVEHWZHHQIDPLO\PHPEHUV7KLVLVOLNHO\GXHWRVXEWOHGLIIHUHQFHVLQWKHLU
PDWXUHSHSWLGHVHTXHQFHDVVLQJOHDPLQRDFLGFKDQJHVFDQLPSDFWRQELRDFWLYLW\DQGRU
VSHFLILFLW\  
,Q FRQFOXVLRQRXU UHVXOWV VXSSRUWDQHZPHFKDQLVPRI UHJXODWLQJ$8;,$$
VWDELOLW\GXULQJJURZWKDQGGHYHORSPHQWDQGIXWXUHVWXGLHVDUHUHTXLUHGWRH[SRVHDOO
WKHDFWRUVLQYROYHG,QDGGLWLRQKRZDX[LQ±&(3FURVVWDONLQFOXGLQJWKHFRPSOH[
JHQHUHJXODWRU\QHWZRUNVDQG$8;,$$VWDELOL]DWLRQLPSDFWVDELRWLFVWUHVVWROHUDQFH
ZLOOQHHGWREHLQYHVWLJDWHGLQPRUHGHWDLO  
 
$87+25&2175,%87,216 
 
6=,566/-11(6:;+&$//'9%*-0:$565+
%9'&*369*..(9SHUIRUPHGH[SHULPHQWV,56669/0<6
'$-)*)560-%$%*'-./6.65-1,+.*7%DQG
,'6GHVLJQHGH[SHULPHQWVDQDO\]HGGDWDDQGRUFRPPHQWHGRQWKHPDQXVFULSWDQG
7%.*DQG,'6ZURWHWKHPDQXVFULSW$OODXWKRUVFRQWULEXWHGWRDQGFRPPHQWHG
RQWKHPDQXVFULSW   
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'$7$$9$,/$%,/,7< 
 
7KH PDVV VSHFWURPHWU\ SKRVSKRSURWHRPLFV GDWD KDYH EHHQ GHSRVLWHG WR WKH
3URWHRPH;FKDQJH &RQVRUWLXP YLD WKH 35,'( >@ SDUWQHU UHSRVLWRU\ ZLWK GDWDVHW
LGHQWLILHUV 3;' 3;' DQG 3;' Annotated spectra can be 
consulted through MS-Viewer: KWWSPVYLHZHUXFVIHGXSURVSHFWRUFJL
ELQPVVHDUFKFJL"UHSRUWBWLWOH 06
9LHZHU	VHDUFKBNH\ IWVMQUXF	VHDUFKBQDPH PVYLHZHU 
KWWSPVYLHZHUXFVIHGXSURVSHFWRUFJLELQPVVHDUFKFJL"UHSRUWBWLWOH 06
9LHZHU	VHDUFKBNH\ \RXUPVF	VHDUFKBQDPH PVYLHZHU DQG
KWWSPVYLHZHUXFVIHGXSURVSHFWRUFJLELQPVVHDUFKFJL"UHSRUWBWLWOH 06
9LHZHU	VHDUFKBNH\ SFOFOO]KF	VHDUFKBQDPH PVYLHZHU&(3S+\SWUHDWPHQW. 
 
5()(5(1&(6 
 
 7DYRUPLQD3'H&RQLQFN%1LNRQRURYD1'H6PHW,DQG&DPPXH%3
7KH3ODQW3HSWLGRPH$Q([SDQGLQJ5HSHUWRLUHRI6WUXFWXUDO)HDWXUHV
DQG%LRORJLFDO)XQFWLRQV7KH3ODQWFHOO 
 2OVVRQ9-RRV/=KX6*HYDHUW.%XWHQNR0$DQG'H6PHW,
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/RRN &ORVHO\ WKH %HDXWLIXO 0D\ %H 6PDOO 3UHFXUVRU'HULYHG 3HSWLGHV LQ
3ODQWV$QQXDOUHYLHZRISODQWELRORJ\ 
 6XGDQ-6KDUPD'0XVWDIL]$DQG.XPDUL66LJQDOLQJ3HSWLGHV
+LGGHQ0ROHFXODU0HVVHQJHUVRI$ELRWLF6WUHVV3HUFHSWLRQ DQG5HVSRQVH LQ
3ODQWV ,Q =DUJDU 6 =DUJDU 0 HGV$ELRWLF 6WUHVV0HGLDWHG 6HQVLQJ DQG
6LJQDOLQJLQ3ODQWV$Q2PLFV3HUVSHFWLYH6SULQJHU6LQJDSRUH 
 5REHUWV,6PLWK66WHV('H5\EHO%6WDHV$YDQGH&RWWH%'HPRO
+ /DYHQXV - $XGHQDHUW ' *HYDHUW . HW DO  &(3 DQG
;,3&(35 UHJXODWH ODWHUDO URRW LQLWLDWLRQ LQ $UDELGRSVLV -RXUQDO RI
H[SHULPHQWDOERWDQ\LQSUHVV 
 'HOD\&,PLQ1DQG'MRUGMHYLF0$&(3JHQHVUHJXODWHURRWDQG
VKRRWGHYHORSPHQWLQUHVSRQVHWRHQYLURQPHQWDOFXHVDQGDUHVSHFLILFWRVHHG
SODQWV-RXUQDORIH[SHULPHQWDOERWDQ\ 
 'H6PHW,/DX69RVV89DQQHVWH6%HQMDPLQV55DGHPDFKHU(+
6FKOHUHWK $ 'H 5\EHO % 9DVVLOHYD 9 *UXQHZDOG : HW DO 
%LPRGXODUDX[LQUHVSRQVHFRQWUROVRUJDQRJHQHVLVLQ$UDELGRSVLV3URFHHGLQJV
RIWKH1DWLRQDO$FDGHP\RI6FLHQFHVRIWKH8QLWHG6WDWHVRI$PHULFD
 
 7DEDWD 5 6XPLGD . <RVKLL 7 2K\DPD . 6KLQRKDUD + DQG
0DWVXED\DVKL< 3HUFHSWLRQRI URRWGHULYHGSHSWLGHVE\ VKRRW/55
5.VPHGLDWHVV\VWHPLF1GHPDQGVLJQDOLQJ6FLHQFH 
 2KNXER<7DQDND07DEDWD52JDZD2KQLVKL0DQG0DWVXED\DVKL<
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6KRRWWRURRWPRELOHSRO\SHSWLGHVLQYROYHGLQV\VWHPLFUHJXODWLRQRI
QLWURJHQDFTXLVLWLRQ1DWXUHSODQWV 
 &KDSPDQ . ,YDQRYLFL$ 7DOHVNL 0 6WXUURFN &- 1J -/3 0RKG
5DG]PDQ1$)UXJLHU)%HQQHWW0-0DWKHVLXV8DQG'MRUGMHYLF0$
&(3UHFHSWRUVLJQDOOLQJFRQWUROVURRWV\VWHPDUFKLWHFWXUHLQ$UDELGRSVLV
DQG0HGLFDJR7KH1HZSK\WRORJLVW 
 5REHUWV,6PLWK6'H5\EHO%9DQ'HQ%URHNH-6PHW:'H&RNHUH
60LVSHODHUH0'H6PHW,DQG%HHFNPDQ77KH&(3)DPLO\LQ
/DQG 3ODQWV (YROXWLRQDU\ $QDO\VHV ([SUHVVLRQ VWXGLHV DQG 5ROH LQ
$UDELGRSVLV6KRRW'HYHORSPHQW-([S%RW 
 &KDSPDQ.7DOHVNL02JLOYLH+$,PLQ1DQG'MRUGMHYLF0$
&(3&(35VLJQDOOLQJLQKLELWVWKHVXFURVHGHSHQGHQWHQKDQFHPHQWRIODWHUDO
URRWJURZWK-([S%RW 
 /DYHQXV-*RK75REHUWV,*X\RPDUF
K6/XFDV0'H6PHW,)XNDNL
+ %HHFNPDQ 7 %HQQHWW 0 DQG /DSOD]H /  /DWHUDO URRW
GHYHORSPHQWLQ$UDELGRSVLVILIW\VKDGHVRIDX[LQ7UHQGVLQSODQWVFLHQFH 
 9DQQHVWH 6 DQG )ULPO -  $X[LQ D WULJJHU IRU FKDQJH LQ SODQW
GHYHORSPHQW&HOO 
 /DX6-XUJHQV*DQG'H6PHW,7KHHYROYLQJFRPSOH[LW\RIWKH
DX[LQSDWKZD\7KH3ODQWFHOO 
 &DOGHURQ 9LOODORERV /, /HH 6 'H 2OLYHLUD & ,YHWDF $ %UDQGW :
$UPLWDJH / 6KHDUG /% 7DQ ; 3DUU\ * 0DR + HW DO  $
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FRPELQDWRULDO7,5$)%$X[,$$FRUHFHSWRUV\VWHPIRUGLIIHUHQWLDOVHQVLQJ
RIDX[LQ1DWXUHFKHPLFDOELRORJ\ 
 'HONHU&3RVFKO<5DVFKNH$8OOULFK.(WWLQJVKDXVHQ6+DXSWPDQQ
9*URVVH,DQG4XLQW01DWXUDOYDULDWLRQRIWUDQVFULSWLRQDODX[LQ
UHVSRQVHQHWZRUNVLQ$UDELGRSVLVWKDOLDQD7KH3ODQWFHOO 
 'HO %LDQFR 0 DQG .HSLQVNL 6  &RQWH[W 6SHFLILFLW\ DQG 6HOI
2UJDQL]DWLRQLQ$X[LQ5HVSRQVHLQ&ROG6SULQJ+DUE3HUVSHFW%LROHGLWHGE\
0(VWHOOH':HLMHUV./MXQJDQG2/H\VHUD 
 &KR+5\X+5KR6+LOO.6PLWK6$XGHQDHUW'3DUN-+DQ6
%HHFNPDQ7%HQQHWW0-HWDO $VHFUHWHGSHSWLGHDFWVRQ%,1
PHGLDWHGSKRVSKRU\ODWLRQRI$5)VWRSRWHQWLDWHDX[LQUHVSRQVHGXULQJODWHUDO
URRWGHYHORSPHQW1DWXUHFHOOELRORJ\ 
 <DQJ%-+DQ;;<LQ//;LQJ04;X=+DQG;XH+:
$UDELGRSVLV 3527($620( 5(*8/$725 LV UHTXLUHG IRU DX[LQPHGLDWHG
VXSSUHVVLRQ RI SURWHDVRPH DFWLYLW\ DQG UHJXODWHV DX[LQ VLJQDOOLQJ 1DWXUH
FRPPXQLFDWLRQV 
 2URVD3XHQWH%/HIWOH\1YRQ:DQJHQKHLP'%DQGD-6ULYDVWDYD$.
+LOO.7UXVNLQD-%KRVDOH50RUULV(6ULYDVWDYD0HWDO5RRW
EUDQFKLQJWRZDUGZDWHULQYROYHVSRVWWUDQVODWLRQDOPRGLILFDWLRQRIWUDQVFULSWLRQ
IDFWRU$5)6FLHQFH 
 0XUSK\ ( 6PLWK 6 DQG 'H 6PHW ,  6PDOO VLJQDOLQJ SHSWLGHV LQ
$UDELGRSVLVGHYHORSPHQWKRZFHOOVFRPPXQLFDWHRYHUDVKRUWGLVWDQFH7KH
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3ODQWFHOO 
 2OVVRQ9-RRV/=KX6*HYDHUW.%XWHQNR0$DQG'H6PHW,
/RRN &ORVHO\ WKH %HDXWLIXO 0D\ %H 6PDOO 3UHFXUVRU'HULYHG 3HSWLGHV LQ
3ODQWV$QQXDOUHYLHZRISODQWELRORJ\ 
 =KX-.$ELRWLF6WUHVV6LJQDOLQJDQG5HVSRQVHVLQ3ODQWV&HOO
 
 6KL+&KHQ/<H7/LX;'LQJ.DQG&KDQ=0RGXODWLRQRI
DX[LQFRQWHQWLQ$UDELGRSVLVFRQIHUVLPSURYHGGURXJKWVWUHVVUHVLVWDQFH3ODQW
SK\VLRORJ\DQGELRFKHPLVWU\33% 
 6KDQL ( 6DOHKLQ 0 =KDQJ < 6DQFKH] 6( 'RKHUW\ & :DQJ 5
0DQJDGR && 6RQJ / 7DO , 3LVDQW\ 2 HW DO  3ODQW 6WUHVV
7ROHUDQFH5HTXLUHV$X[LQ6HQVLWLYH$X[,$$7UDQVFULSWLRQDO5HSUHVVRUV&XUU
%LRO 
 %LHODFK $ +UW\DQ 0 DQG 7RJQHWWL 9%  3ODQWV XQGHU 6WUHVV
,QYROYHPHQW RI $X[LQ DQG &\WRNLQLQ ,QWHUQDWLRQDO MRXUQDO RI PROHFXODU
VFLHQFHV 
 /L;+DQ+&KHQ0<DQJ:/LX//L1'LQJ;DQG&KX=
2YHUH[SUHVVLRQ RI 2V'7 ZKLFK HQFRGHV D QRYHO F\VWHLQHULFK SHSWLGH
HQKDQFHV GURXJKW WROHUDQFH DQG LQFUHDVHV$%$ FRQFHQWUDWLRQ LQ ULFH 3ODQW
PROHFXODUELRORJ\ 
 &XL</L0<LQ;6RQJ6;X*:DQJ0/L&3HQJ&DQG;LD
;  2V'665 D QRYHO VPDOO SHSWLGH HQKDQFHV GURXJKW WROHUDQFH LQ
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WUDQVJHQLF ULFH3ODQW VFLHQFH  DQ LQWHUQDWLRQDO MRXUQDORIH[SHULPHQWDOSODQW
ELRORJ\ 
 7DNDKDVKL)6X]XNL72VDNDEH<%HWVX\DNX6.RQGR<'RKPDH1
)XNXGD + <DPDJXFKL6KLQR]DNL . DQG 6KLQR]DNL .  $ VPDOO
SHSWLGHPRGXODWHVVWRPDWDOFRQWUROYLDDEVFLVLFDFLGLQORQJGLVWDQFHVLJQDOOLQJ
1DWXUH 
 6DGRN:DQG6FKRSSDFK53RWHQWLDOLQYROYHPHQWRIURRWDX[LQVLQ
GURXJKW WROHUDQFH E\ PRGXODWLQJ QRFWXUQDO DQG GD\WLPH ZDWHU XVH LQ ZKHDW
$QQDOVRIERWDQ\ 
 %UXQRXG*:HOOV'02OLYD0/DUULHX$0LUDEHW9%XUURZ$+
%HHFNPDQ7.HSLQVNL67UDDV-%HQQHWW0-HWDO$QRYHOVHQVRU
WR PDS DX[LQ UHVSRQVH DQG GLVWULEXWLRQ DW KLJK VSDWLRWHPSRUDO UHVROXWLRQ
1DWXUH 
 %U\DQ $& 2EDLGL $ :LHU]ED 0 DQG 7D[ )(  ;</(0
,17(50,;(':,7+ 3+/2(0 D OHXFLQHULFK UHSHDW UHFHSWRUOLNH NLQDVH
UHTXLUHG IRU VWHP JURZWK DQG YDVFXODU GHYHORSPHQW LQ$UDELGRSVLV WKDOLDQD
3ODQWD 
 'LPLWURY , DQG 7D[ )(  /DWHUDO URRW JURZWK LQ $UDELGRSVLV LV
FRQWUROOHG E\ VKRUW DQG ORQJ GLVWDQFH VLJQDOLQJ WKURXJK WKH /55 5/.V
;,3&(35DQG&(353ODQW6LJQDO%HKDYH 
 0RUHQR5LVXHQR0$9DQ1RUPDQ-00RUHQR$=KDQJ-$KQHUW6(
DQG%HQIH\312VFLOODWLQJJHQHH[SUHVVLRQGHWHUPLQHVFRPSHWHQFH
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IRUSHULRGLF$UDELGRSVLVURRWEUDQFKLQJ6FLHQFH 
 :HLMHUV ' 6FKOHUHWK $ (KULVPDQQ -6 6FKZDQN * .LHQW] 0 DQG
-XUJHQV*$X[LQWULJJHUVWUDQVLHQWORFDOVLJQDOLQJIRUFHOOVSHFLILFDWLRQ
LQ$UDELGRSVLVHPEU\RJHQHVLV'HYHORSPHQWDOFHOO 
 8VWXQ66KHLNK$*LPHQH],EDQH]6-RQHV$1WRXNDNLV9DQG%RUQNH
)7KH3URWHDVRPH$FWVDVD+XEIRU3ODQW,PPXQLW\DQG,V7DUJHWHGE\
3VHXGRPRQDV7\SH,,,(IIHFWRUV3ODQWSK\VLRORJ\ 
 6LOYHUVWRQH$/-XQJ+6'LOO$.DZDLGH+.DPL\D<DQG6XQ7S
 5HSUHVVLQJ D 5HSUHVVRU*LEEHUHOOLQ,QGXFHG 5DSLG 5HGXFWLRQ RI WKH
5*$3URWHLQLQ$UDELGRSVLV7KH3ODQWFHOO 
 <L)DQJ7VD\-XOLDQ,6FKURHGHU.HQQHWK$)HOGPDQQDQG&UDZIRUG10
7KH+HUELFLGH6HQVLWLYLW\*HQH&0RI$UDELGRSVLV(QFRGHVD1LWUDWH
,QGXFLEOH1LWUDWH7UDQVSRUWHU&HOO 
 6ZDUXS5.DUJXO-0DUFKDQW$=DGLN'5DKPDQ$0LOOV5<HPP
$0D\6:LOOLDPV/0LOOQHU3HWDO6WUXFWXUHIXQFWLRQDQDO\VLV
RIWKHSUHVXPSWLYH$UDELGRSVLVDX[LQSHUPHDVH$8;7KH3ODQWFHOO
 
 %HQQHWW0-0DUFKDQW$*UHHQ+*0D\67:DUG630LOOQHU3$
:DONHU$56FKXO]%DQG)HOGPDQQ.$$UDELGRSVLV$8;JHQH
DSHUPHDVHOLNHUHJXODWRURIURRWJUDYLWURSLVP6FLHQFH 
 /XVFKQLJ&*D[LROD5$*ULVDIL3DQG)LQN*5(,5DURRW
VSHFLILF SURWHLQ LQYROYHG LQ DX[LQ WUDQVSRUW LV UHTXLUHG IRU JUDYLWURSLVP LQ
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$UDELGRSVLVWKDOLDQD*HQHV'HY 
 *LONHUVRQ - +X - %URZQ - -RQHV$ 6XQ 73 DQG &DOOLV - 
,VRODWLRQ DQG FKDUDFWHUL]DWLRQ RI FXO D UHFHVVLYH DOOHOH RI &8//,1 WKDW
GLVUXSWV 6&) IXQFWLRQ DW WKH & WHUPLQXV RI &8/ LQ$UDELGRSVLV WKDOLDQD
*HQHWLFV 
 3DUU\*&DOGHURQ9LOODORERV/,3ULJJH03HUHW%'KDUPDVLUL6,WRK
+ /HFKQHU ( *UD\:0 %HQQHWW 0 DQG (VWHOOH 0  &RPSOH[
UHJXODWLRQ RI WKH 7,5$)% IDPLO\ RI DX[LQ UHFHSWRUV 3URFHHGLQJV RI WKH
1DWLRQDO$FDGHP\ RI 6FLHQFHV RI WKH 8QLWHG 6WDWHV RI$PHULFD  
 
 &ODH\V+9DQ/DQGHJKHP6'XERLV00DOHX[.DQG,Q]H'
:KDW ,V 6WUHVV" 'RVH5HVSRQVH (IIHFWV LQ &RPPRQO\ 8VHG LQ 9LWUR 6WUHVV
$VVD\V3ODQWSK\VLRORJ\ 
 $OHNVDQGUD 6NLU\F] .RUQHHO9DQGHQEURXFNH 3LHWHU &ODXZ .DWULHQ 0DOHX[
%MRUQ 'H 0H\HU 6WLMQ 'KRQGW $QQD 3XFFL 1DWKDOLH *RQ]DOH] )UDQN
+RHEHULFKWV 9DQHVD % 7RJQHWWL HW DO  6XUYLYDO DQG JURZWK RI
$UDELGRSVLVSODQWVJLYHQOLPLWHGZDWHUDUHQRWHTXDOQDWXUHELRWHFKQRORJ\
 
 1LNRQRURYD19DQGHQ%URHFN /=KX6YDQGH&RWWH%'XERLV0
*HYDHUW.,Q]H'DQG'H6PHW,(DUO\PDQQLWROWULJJHUHGFKDQJHV
LQWKH$UDELGRSVLVOHDISKRVSKRSURWHRPHUHYHDOJURZWKUHJXODWRUV-RXUQDORI
H[SHULPHQWDOERWDQ\ 
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 9X/'6WHV(9DQ%HO01HOLVVHQ+0DGGHOHLQ',Q]H'&RSSHQV
)0DUWHQV/*HYDHUW.DQG'H6PHW,8SWR'DWH:RUNIORZIRU
3ODQW 3KRVSKRSURWHRPLFV ,GHQWLILHV 'LIIHUHQWLDO 'URXJKW5HVSRQVLYH
3KRVSKRU\ODWLRQ (YHQWV LQ 0DL]H /HDYHV -RXUQDO RI SURWHRPH UHVHDUFK 
 
 .DQNHX&&ODUNH.9DQ+DYHU'*HYDHUW. ,PSHQV)'LWWULFK$
5RGHULFN+/3DVVDQWH(DQG+XEHU+-4XDQWLWDWLYHSURWHRPLFV
DQGV\VWHPVDQDO\VLVRIFXOWXUHG+&FDUGLRP\REODVWVGXULQJGLIIHUHQWLDWLRQ
RYHUWLPHVXSSRUWVD
IXQFWLRQIROORZVIRUP
PRGHORIGLIIHUHQWLDWLRQ0ROHFXODU
RPLFV 
 3HUH]5LYHURO<&VRUGDV$%DL-%HUQDO/OLQDUHV0+HZDSDWKLUDQD6
.XQGX'- ,QXJDQWL$*ULVV-0D\HU*(LVHQDFKHU0HWDO 
7KH35,'(GDWDEDVHDQGUHODWHGWRROVDQGUHVRXUFHVLQLPSURYLQJVXSSRUW
IRUTXDQWLILFDWLRQGDWD1XFOHLFDFLGVUHVHDUFK'' 
 0DODP\-(DQG%HQIH\312UJDQL]DWLRQDQGFHOOGLIIHUHQWLDWLRQLQ
ODWHUDOURRWVRI$UDELGRSVLVWKDOLDQD'HYHORSPHQW 
 6FKLQGHOLQ-$UJDQGD&DUUHUDV,)ULVH(.D\QLJ9/RQJDLU03LHW]VFK
73UHLELVFK65XHGHQ&6DDOIHOG66FKPLG% HW DO  )LML DQ
RSHQVRXUFHSODWIRUPIRUELRORJLFDOLPDJHDQDO\VLV1DWXUHPHWKRGV 
 0F,VDDF562DNHV%/:DQJ;'XPPLW.$%RWVWHLQ'DQG1R\HV
0%  6\QWKHWLF JHQH H[SUHVVLRQ SHUWXUEDWLRQ V\VWHPV ZLWK UDSLG
WXQDEOHVLQJOHJHQHVSHFLILFLW\LQ\HDVW1XFOHLFDFLGVUHVHDUFKH 
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 +DYHQV.$*XVHPDQ-0-DQJ663LHUUH-HURPH(%ROWHQ1.ODYLQV
( DQG 1HPKDXVHU -/  $ V\QWKHWLF DSSURDFK UHYHDOV H[WHQVLYH
WXQDELOLW\RIDX[LQVLJQDOLQJ3ODQWSK\VLRORJ\ 
 $QGHUVHQ 68 %XHFKHO 6 =KDR = /MXQJ . 1RYDN 2 %XVFK :
6FKXVWHU & DQG /RKPDQQ -8  5HTXLUHPHQW RI %W\SH F\FOLQ
GHSHQGHQWNLQDVHVIRUPHULVWHPLQWHJULW\LQ$UDELGRSVLVWKDOLDQD7KH3ODQWFHOO
 
 (GOXQG$ (NORI 6 6XQGEHUJ % 0RULW]7 DQG 6DQGEHUJ * $
0LFURVFDOH 7HFKQLTXH IRU *DV &KURPDWRJUDSK\0DVV 6SHFWURPHWU\
0HDVXUHPHQWVRI3LFRJUDP$PRXQWVRI,QGROH$FHWLF$FLGLQ3ODQW7LVVXHV
3ODQWSK\VLRORJ\ 
 5REHUWV,6PLWK6'H5\EHO%9DQ'HQ%URHNH-6PHW:'H&RNHUH
60LVSHODHUH0'H6PHW,DQG%HHFNPDQ77KH&(3IDPLO\LQ
ODQGSODQWVHYROXWLRQDU\DQDO\VHVH[SUHVVLRQVWXGLHVDQGUROHLQ$UDELGRSVLV
VKRRWGHYHORSPHQW-RXUQDORIH[SHULPHQWDOERWDQ\ 
 5REHUWV,6PLWK66WHV('H5\EHO%6WDHV$YDQGH&RWWH%1MR
0) 'HGH\QH / 'HPRO + /DYHQXV - HW DO  &(3 DQG
;,3&(35 UHJXODWH ODWHUDO URRW LQLWLDWLRQ LQ $UDELGRSVLV -RXUQDO RI
H[SHULPHQWDOERWDQ\ 
 /DPDRXL0-HPR0'DWOD5DQG%HNNDRXL)+HDWDQG'URXJKW
6WUHVVHVLQ&URSVDQG$SSURDFKHVIRU7KHLU0LWLJDWLRQ)URQW&KHP 
 9HUVOXHV3($JDUZDO0.DWL\DU$JDUZDO6=KX-DQG=KX-.
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0HWKRGVDQGFRQFHSWVLQTXDQWLI\LQJUHVLVWDQFHWRGURXJKWVDOWDQGIUHH]LQJ
DELRWLFVWUHVVHVWKDWDIIHFWSODQWZDWHUVWDWXV3ODQW- 
 'HDN ., DQG 0DODP\ -  2VPRWLF UHJXODWLRQ RI URRW V\VWHP
DUFKLWHFWXUH3ODQW- 
 &ODXZ3&RSSHQV)'H%HXI.'KRQGW69DQ'DHOH70DOHX[.
6WRUPH9&OHPHQW/*RQ]DOH]1DQG,Q]H'/HDIUHVSRQVHVWR
PLOGGURXJKW VWUHVV LQQDWXUDOYDULDQWVRI$UDELGRSVLV3ODQWSK\VLRORJ\ 
 
 6NLU\F]$&ODH\V+'H%RGW62LNDZD$6KLQRGD6$QGULDQNDMD0
0DOHX[.(OR\1%&RSSHQV)<RR6'HWDO3DXVHDQGVWRS
WKHHIIHFWVRIRVPRWLFVWUHVVRQFHOOSUROLIHUDWLRQGXULQJHDUO\OHDIGHYHORSPHQW
LQ$UDELGRSVLVDQGDUROHIRUHWK\OHQHVLJQDOLQJLQFHOOF\FOHDUUHVW7KH3ODQW
FHOO 
 9DQGHQ%URHFN/'XERLV09HUPHHUVFK06WRUPH90DWVXL0DQG
,Q]H '  )URP QHWZRUN WR SKHQRW\SH WKH G\QDPLF ZLULQJ RI DQ
$UDELGRSVLV WUDQVFULSWLRQDO QHWZRUN LQGXFHG E\ RVPRWLF VWUHVV 0ROHFXODU
V\VWHPVELRORJ\ 
 )XMLL + 9HUVOXHV 3( DQG =KX -. $UDELGRSVLV GHFXSOH PXWDQW
UHYHDOVWKHLPSRUWDQFHRI6Q5.NLQDVHVLQRVPRWLFVWUHVVUHVSRQVHVLQYLYR
3URFHHGLQJV RI WKH 1DWLRQDO $FDGHP\ RI 6FLHQFHV RI WKH 8QLWHG 6WDWHV RI
$PHULFD 
 )XMLWD<1DNDVKLPD.<RVKLGD7.DWDJLUL7.LGRNRUR6.DQDPRUL1
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8PH]DZD 7 )XMLWD 0 0DUX\DPD . ,VKL\DPD . HW DO  7KUHH
6Q5. SURWHLQ NLQDVHV DUH WKH PDLQ SRVLWLYH UHJXODWRUV RI DEVFLVLF DFLG
VLJQDOLQJLQUHVSRQVHWRZDWHUVWUHVVLQ$UDELGRSVLV3ODQW	FHOOSK\VLRORJ\
 
 6DGRN:DQG6FKRSSDFK53RWHQWLDOLQYROYHPHQWRIURRWDX[LQVLQ
GURXJKW WROHUDQFH E\ PRGXODWLQJ QRFWXUQDO DQG GD\WLPH ZDWHU XVH LQ ZKHDW
ELR5[LYGRLKWWSVGRLRUJ 
 ,VKLNDZD+DQG(YDQV0/7KHUROHRIWKHGLVWDOHORQJDWLRQ]RQHLQ
WKHUHVSRQVHRIPDL]HURRWVWRDX[LQDQGJUDYLW\3ODQWSK\VLRORJ\
 
 8OPDVRY 7 0XUIHWW - +DJHQ * DQG *XLOIR\OH 7-  $X[,$$
SURWHLQV UHSUHVV H[SUHVVLRQ RI UHSRUWHU JHQHV FRQWDLQLQJ QDWXUDO DQG KLJKO\
DFWLYHV\QWKHWLFDX[LQUHVSRQVHHOHPHQWV7KH3ODQWFHOO 
 5DKQL5DQG%LUQEDXP.':HHNORQJLPDJLQJRIFHOOGLYLVLRQVLQ
WKH$UDELGRSVLVURRWPHULVWHP3ODQW0HWKRGV 
 %DQG/5:HOOV'0/DUULHX$6XQ-0LGGOHWRQ$0)UHQFK$3
%UXQRXG * 6DWR (0 :LOVRQ 0+ 3HUHW % HW DO  5RRW
JUDYLWURSLVPLVUHJXODWHGE\DWUDQVLHQW ODWHUDODX[LQJUDGLHQWFRQWUROOHGE\D
WLSSLQJSRLQWPHFKDQLVP3URFHHGLQJVRIWKH1DWLRQDO$FDGHP\RI6FLHQFHVRI
WKH8QLWHG6WDWHVRI$PHULFD 
 .URXN*/DFRPEH%%LHODFK$3HUULQH:DONHU)0DOLQVND.0RXQLHU
(+R\HURYD.7LOODUG3/HRQ6/MXQJ.HWDO1LWUDWHUHJXODWHG
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DX[LQWUDQVSRUWE\157GHILQHVDPHFKDQLVPIRUQXWULHQWVHQVLQJLQSODQWV
'HYHORSPHQWDOFHOO 
 7VD\<)6FKURHGHU-,)HOGPDQQ.$DQG&UDZIRUG107KH
KHUELFLGH VHQVLWLYLW\ JHQH &+/ RI$UDELGRSVLV HQFRGHV D QLWUDWHLQGXFLEOH
QLWUDWHWUDQVSRUWHU&HOO 
 7DQ ; &DOGHURQ9LOODORERV /, 6KDURQ 0 =KHQJ & 5RELQVRQ &9
(VWHOOH0DQG=KHQJ10HFKDQLVPRIDX[LQSHUFHSWLRQE\WKH7,5
XELTXLWLQOLJDVH1DWXUH 
 'KDUPDVLUL1'KDUPDVLUL6:HLMHUV'/HFKQHU(<DPDGD0+REELH
/(KULVPDQQ-6-XUJHQV*DQG(VWHOOH03ODQWGHYHORSPHQWLV
UHJXODWHGE\DIDPLO\RIDX[LQUHFHSWRU)ER[SURWHLQV'HY&HOO 
 &DOGHURQ 9LOODORERV /, /HH 6 'H 2OLYHLUD & ,YHWDF $ %UDQGW :
$UPLWDJH / 6KHDUG /% 7DQ ; 3DUU\ * 0DR +% HW DO $
FRPELQDWRULDO7,5$)%$X[,$$FRUHFHSWRUV\VWHPIRUGLIIHUHQWLDOVHQVLQJ
RIDX[LQ1DW&KHP%LRO 
 0RKG5DG]PDQ 1$ %LQRV 6 7UXRQJ 77 ,PLQ 1 0DULDQL 0 DQG
'MRUGMHYLF 0$  1RYHO 0W&(3 SHSWLGHV SURGXFHG LQ YLYR
GLIIHUHQWLDOO\ UHJXODWH URRW GHYHORSPHQW LQ 0HGLFDJR WUXQFDWXOD -RXUQDO RI
H[SHULPHQWDOERWDQ\ 
 2K\DPD . 2JDZD 0 DQG 0DWVXED\DVKL <  ,GHQWLILFDWLRQ RI D
ELRORJLFDOO\ DFWLYH VPDOO VHFUHWHG SHSWLGH LQ$UDELGRSVLV E\ LQ VLOLFR JHQH
VFUHHQLQJIROORZHGE\/&06EDVHGVWUXFWXUHDQDO\VLV3ODQW- 
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 'HOD\&&KDSPDQ.7DOHVNL0:DQJ<7\DJL6;LRQJ<,PLQ1
DQG 'MRUGMHYLF 0$  &(3 OHYHOV DIIHFW VWDUYDWLRQUHODWHG JURZWK
UHVSRQVHVRIWKHSULPDU\URRW-([S%RW 
 'LQJ / /X = *DR / *XR 6 DQG 6KHQ 4  ,V 1LWURJHQ D .H\
'HWHUPLQDQW RI :DWHU 7UDQVSRUW DQG 3KRWRV\QWKHVLV LQ +LJKHU 3ODQWV 8SRQ
'URXJKW6WUHVV")URQW3ODQW6FL 
 3DSRQRY,$3DSRQRY07HDOH:0HQJHV0&KDNUDERUWHH60XUUD\
-$ DQG 3DOPH .  &RPSUHKHQVLYH WUDQVFULSWRPH DQDO\VLV RI DX[LQ
UHVSRQVHVLQ$UDELGRSVLV0RO3ODQW 
 /DX6'H6PHW,.ROE00HLQKDUGW+DQG-XUJHQV*$X[LQ
WULJJHUVDJHQHWLFVZLWFK1DWXUHFHOOELRORJ\ 
 =HQVHU1(OOVPRUH$/HDVXUH&DQG&DOOLV-$X[LQPRGXODWHVWKH
GHJUDGDWLRQUDWHRI$X[,$$SURWHLQV3URFHHGLQJVRIWKH1DWLRQDO$FDGHP\RI
6FLHQFHVRIWKH8QLWHG6WDWHVRI$PHULFD 
 $UQR\V(-DQG:DQJ-/'XDOORFDOL]DWLRQSURWHLQVLQH[WUDFHOOXODU
DQGLQWUDFHOOXODUFRPSDUWPHQWV$FWDKLVWRFKHPLFD 
 &DUSHQWHU*DQG/LDR+-7UDIILFNLQJRIUHFHSWRUW\URVLQHNLQDVHVWR
WKHQXFOHXV([SHULPHQWDOFHOOUHVHDUFK 
 &DUSHQWHU*DQG/LDR+-5HFHSWRUW\URVLQHNLQDVHVLQWKHQXFOHXV
&ROG6SULQJ+DUERUSHUVSHFWLYHVLQELRORJ\D 
 :DQJ <1 <DPDJXFKL + +VX -0 DQG +XQJ 0&  1XFOHDU
WUDIILFNLQJRIWKHHSLGHUPDOJURZWKIDFWRUUHFHSWRUIDPLO\PHPEUDQHSURWHLQV
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2QFRJHQH 
 :HOOV$DQG0DUWL86LJQDOOLQJVKRUWFXWVFHOOVXUIDFHUHFHSWRUVLQ
WKHQXFOHXV"1DW5HY0RO&HOO%LRO 
 /DUNLQ - UG -RKQVRQ +0 DQG 6XEUDPDQLDP 36  'LIIHUHQWLDO
QXFOHDUORFDOL]DWLRQRIWKH,)1*5DQG,)1*5VXEXQLWVRIWKH,)1JDPPD
UHFHSWRUFRPSOH[ IROORZLQJDFWLYDWLRQE\ ,)1JDPPD - ,QWHUIHURQ&\WRNLQH
5HV 
 /LQ6<0DNLQR.;LD:0DWLQ$:HQ<.ZRQJ.<%RXUJXLJQRQ
/ DQG +XQJ 0&  1XFOHDU ORFDOL]DWLRQ RI (*) UHFHSWRU DQG LWV
SRWHQWLDOQHZUROHDVDWUDQVFULSWLRQIDFWRU1DWXUHFHOOELRORJ\ 
 3ULJJH 0- 3ODWUH 0 .DGDNLD 1 =KDQJ< *UHHQKDP . 6]XWX :
3DQGH\%.%KRVDOH5$%HQQHWW0-%XVFK:HWDO*HQHWLF
DQDO\VLVRIWKH$UDELGRSVLV7,5$)%DX[LQUHFHSWRUVUHYHDOVERWKRYHUODSSLQJ
DQGVSHFLDOL]HGIXQFWLRQV(OLIH 
 
)227127(6 
 
(TXDOFRQWULEXWLRQ 
&XUUHQWDGGUHVV6DLQVEXU\/DERUDWRU\8QLYHUVLW\RI&DPEULGJH%DWHPDQ6WUHHW
&DPEULGJH&%/58QLWHG.LQJGRP  
&XUUHQW DGGUHVV )ODQGHUV 5HVHDUFK ,QVWLWXWH IRU $JULFXOWXUH )LVKHULHV DQG )RRG
,/92 3ODQW 6FLHQFHV 8QLW %XUJ 9DQ *DQVEHUJKHODDQ   0HUHOEHNH
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%HOJLXP 
&XUUHQWDGGUHVV9,%+HDGTXDUWHUV5LMYLVVFKHVWUDDW*HQW%HOJLXP 
&XUUHQWDGGUHVV8QLYHUVLWlW+HLGHOEHUJ,P1HXHQKHLPHU)HOG+HLGHOEHUJ
*HUPDQ\ 
&XUUHQWDGGUHVV&HQWUHIRU3ODQW6FLHQFHV)DFXOW\RI%LRORJLFDO6FLHQFHV8QLYHUVLW\
RI/HHGV/HHGV/6-78. 
&XUUHQWDGGUHVV6WDWH.H\/DERUDWRU\RI&URS*HQHWLFVDQG*HUPSODVP(QKDQFHPHQW
DQG 02$ .H\ /DERUDWRU\ RI 3ODQW 1XWULWLRQ DQG )HUWLOL]DWLRQ LQ /RZHU0LGGOH
5HDFKHVRIWKH<DQJW]H5LYHU1DQMLQJ$JULFXOWXUDO8QLYHUVLW\:HLJDQJ1R1DQMLQJ
35&KLQD 
&RUUHVSRQGLQJDXWKRU'HSDUWPHQWRI3ODQW6\VWHPV%LRORJ\9,%7HFKQRORJLHSDUN
%*KHQW%HOJLXPLYVPH#SVEYLEXJHQWEH 
),*85(6$1'),*85(/(*(1'6 
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)LJXUH:RUNIORZRISURWHRPHDQDO\VLVRI&RODQG&(32(VKRRWVIROORZLQJ
/&0606 9HQQ GLDJUDP VKRZV XQLTXH SURWHLQV RQO\ SUHVHQW LQ RQH JHQRW\SH
+HDWPDS UHSUHVHQWV KLHUDUFKLFDO FOXVWHULQJ RI VWDWLVWLFDOO\ VLJQLILFDQW SURWHLQV DIWHU
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ILOWHULQJRXWWKHXQLTXHRQHV&HQWHUHG=VFRUHGYDOXHVRIORJWUDQVIRUPHGLQWHQVLW\
RQWKHKHDWPDSDUHFRORUFRGHGDFFRUGLQJWRWKHFRORUJUDGLHQWVFDOH1XPEHURIXSDQG
GRZQUHJXODWHGSURWHLQVLQ&(32(LVLQGLFDWHGLQUHGDQGJUHHQUHVSHFWLYHO\ 
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)LJXUH7KH&(3SHSWLGHSURPRWHVDELRWLFVWUHVVWROHUDQFHE\SULPLQJVHHGOLQJV
IRUVWUHVVUHJXODWHGJURZWK$%&RODQG&(32(SODQWVH[SRVHGWRRVPRWLFVWUHVV
P0PDQQLWRO5HSUHVHQWDWLYHSLFWXUHVRIVHHGOLQJVDWGD\VDIWHUVWUDWLILFDWLRQ
'$6$DQGTXDQWLILFDWLRQRIURVHWWHVL]HRIVHHGOLQJVDW'$6%*UDSKVKRZV
DYHUDJHRIQ ±VHHGOLQJVVWDQGDUGHUURUSDVDQDO\]HGE\D6WXGHQW
V
WWHVW7ZRZD\$129$DQDO\VHVUHYHDOHGDVLJQLILFDQWGLIIHUHQFHSIRUWKH
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*HQRW\SH[7UHDWPHQWLQWHUDFWLRQ7KLVH[SHULPHQWZDVUHSHDWHGWLPHVZLWKVLPLODU
UHVXOWV 6FDOH EDU  PP &' :LOG W\SH VHHGOLQJV DW  GD\V DIWHU VRZLQJ '$6
H[SRVHGWRRVPRWLFVWUHVVP0PDQQLWROLQWKHDEVHQFHRUSUHVHQFHRIV\QWKHWLF
ELRDFWLYH&(3S+\SIRUGD\V5HSUHVHQWDWLYHSLFWXUHVRIVHHGOLQJVDW'$6'
DQG TXDQWLILFDWLRQ RI URVHWWH VL]H RI VHHGOLQJV DW  '$6 ($YHUDJH RI Q! 
VWDQGDUGHUURUSDVDQDO\]HGE\D6WXGHQW
VWWHVW7KLVH[SHULPHQWZDVUHSHDWHG
WLPHVZLWKVLPLODUUHVXOWV6FDOHEDUPP((5)(5)DQG67=H[SUHVVLRQXSRQ
RVPRWLFVWUHVVDQGLQ&(32(SODQWV:KROHVHHGOLQJVFRQWLQXRXVO\JURZQRQFRQWURO
PHGLXPDQGPDQQLWRO P0XQWLO'$6$YHUDJHRIELRORJLFDO UHSOLFDWHV
VWDQGDUGHUURUSDVDQDO\]HGE\D6WXGHQW
VWWHVW 
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)LJXUH  &(3 LPSDFWV DX[LQ UHVSRQVH $% 5HSUHVHQWDWLYH SLFWXUHV IRU
S'5*86DFWLYLW\LQWKHSULPDU\URRWWLSRIGD\ROGVHHGOLQJVWUDQVIHUUHGWRPRFN
RU0&(3S+\SIRUGD\V$RULQWKHURRWWLSRI&RODQG&(32(DWGD\VDIWHU
JHUPLQDWLRQ%&'5HSUHVHQWDWLYHSLFWXUHVRIS'5/8&LQWKHURRWRIGD\ROG
VHHGOLQJV WUHDWHG ZLWK PRFN RU &(3S+\S$UURZKHDG LQGLFDWHV URRW WLS & 7RWDO
UHODWLYH /8& DFWLYLW\FP LQ S'5/8& IROORZLQJ  0 &(3S+\S WUHDWPHQW '
*UDSK VKRZV DYHUDJH  VWDQGDUG HUURU  S   DFFRUGLQJ WR 6WXGHQW¶V WWHVW
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FRPSDUHG WR PRFN ,Q$' PRFN UHIHUV WR PHGLXP ZLWK ZDWHU DV XVHG WR GLVVROYH
&(3S+\S($X[LQLQGXFLEOHH[SUHVVLRQRI/%'/'%DQG3,1DVGHWHUPLQHG
WKURXJKT573&5DQDO\VLVLQGD\ROG&RODQG&(32(VHHGOLQJURRWVWUHDWHGZLWK
01$$RUPRFN'062IRUKRXUVELRORJLFDOUHSHDWV*UDSKVVKRZDYHUDJH
 VWDQGDUG HUURU  S   DFFRUGLQJ WR 6WXGHQW¶V WWHVW FRPSDUHG WR PRFN )ROG
FKDQJH RI PRFN YHUVXV 1$$ WUHDWPHQW LV LQGLFDWHG 7ZRZD\ $129$ DQDO\VHV
UHYHDOHGDVLJQLILFDQWGLIIHUHQFHSIRUWKH*HQRW\SH[7UHDWPHQWLQWHUDFWLRQIRU
/%' IROG FKDQJHV ) 5HSUHVHQWDWLYH SLFWXUHV IRU S'5*86 DFWLYLW\ LQ WKH
SULPDU\URRWWRSRIGD\ROG&RORU&(32(VHHGOLQJVJURZQRQFRQWUROPHGLXPRU
PHGLXP FRQWDLQLQJ  P0 PDQQLWRO 7KLV H[SHULPHQW ZDV UHSHDWHG  WLPHV ZLWK
VLPLODUUHVXOWVQ IRUHDFKELRORJLFDOUHSOLFDWH6FDOHEDUPP 
 
 
 
 
 
 
 
 
 
 
 
 by guest on M
ay 27, 2020
https://w
w
w
.m
cponline.org
D
ow
nloaded from
 
&(3SURPRWHVDELRWLFVWUHVVWROHUDQFHDQG$8;,$$VWDELOLW\ 
 
59 
 
 
)LJXUH  &(3 LPSDFWV $8;,$$ OHYHOV $% 5HODWLYH ',,9(186 SURWHLQ
IOXRUHVFHQFHLQ6',,9(186UHSRUWHUOLQHIROORZLQJKUVLQFXEDWLRQZLWK0
&(3S+\SFRPSDUHGZLWKPRFNWUHDWPHQWDWGD\VDIWHUJHUPLQDWLRQQ$
DQG &RO DQG D &(32( OLQH DW  GD\V DIWHU JHUPLQDWLRQ Q   % &
',,9(186 OHYHOV XSRQ WUHDWPHQW ZLWK &(3S+\S P&(3S+\S RU PRFN IRU 
PLQXWHV Q   *UDSK VKRZV DYHUDJH  VWDQGDUG HUURU  S   DFFRUGLQJ WR
6WXGHQW¶VWWHVWFRPSDUHGWRPRFNEOXHRUP&(3S+\SUHG:LWKUHVSHFWWRPRFN
YHUVXVP&(3S+\S WKHUHZDV±DSDUWIURPDQGPLQS±QRJOREDO
VLJQLILFDQWGLIIHUHQW1RWHQRDX[LQZDVXVHGLQWKLVH[SHULPHQW'&RQIRFDOLPDJH
RI',,9(186ODEHOOHGQXFOHLIURPWKH6',,9(186UHSRUWHUOLQHLQDVHFWLRQRI
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WKHURRWWKDWZDVXVHGIRUPHDVXULQJWKH',,9(186SURWHLQIOXRUHVFHQFHLQVHHGOLQJV
WUHDWHGIRUPLQXWHVZLWK01$$RUZLWK01$$DQG0&(3S+\S
1RUPDOL]HGUDWLRRIDYHUDJHWRSSL[HOLQWHQVLW\FRPSDUHGWRPLQLVLQGLFDWHG
(',,9(186IOXRUHVFHQFHOHYHORYHUWLPHPLQDIWHUWUDQVIHUWR01$$
ZLWK SUHLQFXEDWLRQ  KUV DQG FRLQFXEDWLRQ ZLWK  0 &(3S+\S Q   )
5HODWLYH',,9(186SURWHLQIOXRUHVFHQFHLQ6',,9(186UHSRUWHUOLQHLQ&RO
DQGD&(351$LOLQHDWGD\VDIWHUJHUPLQDWLRQQ*5HSUHVHQWDWLYH:HVWHUQ
EORWRI,$$+$OHYHOVDQWL+$LQGD\ROGVHHGOLQJVJURZQLQWKHSUHVHQFHRI
0&(3S+\SRU0P&(3S+\SGXULQJWKHZKROHJURZWKSHULRG/RDGLQJFRQWUROLV
$&7,1 1RWH QR DX[LQ ZDV XVHG LQ WKLV H[SHULPHQW + %'/*86 SURWHLQ LQ
UHSUHVHQWDWLYHGD\ROGS%'/%'/*86URRWWLSVDIWHUWUDQVIHURIGD\ROGVHHGOLQJV
WRPRFNRU0&(3S+\SIRUGD\V5HGDUURZKHDGPDUNVFRUWH[,Q$%DQG)
JUDSKV VKRZ DYHUDJH  VWDQGDUG HUURU RI LQGLFDWHG VDPSOH QXPEHUV  S  
DFFRUGLQJWR6WXGHQW¶VWWHVWFRPSDUHGWRPRFNRU&RO,QDOOFDVHVPRFNUHIHUVWR
PHGLXPZLWKZDWHUDVXVHGWRGLVVROYH&(3S+\S 
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)LJXUH&(3LPSDFWVSURWHDVRPH$3ULPDU\URRWOHQJWKLQKLELWLRQRUGHFUHDVH
IROORZLQJWUHDWPHQWZLWK0*OLJKWJUHHQRUPRFNJUH\IRUGD\VRIGD\ROG
&RODQG&(32(VHHGOLQJVQ *UDSKGHSLFWVDYHUDJHVWDQGDUGHUURU
S DV DQDO\]HG E\ D 6WXGHQW
V WWHVW 7KH  UHGXFWLRQ LV LQGLFDWHG 7ZRZD\
$129$ DQDO\VHV UHYHDOHG D VLJQLILFDQW GLIIHUHQFH S   IRU WKH *HQRW\SH [
7UHDWPHQW LQWHUDFWLRQ % 3ULPDU\ URRW OHQJWK RI GD\ ROG SURWHDVRPH VXEXQLW
PXWDQWV USQD DQG USWD YHUVXV &RO Q    *UDSK GHSLFWV DYHUDJH 
VWDQGDUGHUURUSDVDQDO\]HGE\D6WXGHQW
VWWHVW7KHUHGXFWLRQLVLQGLFDWHG
7ZRZD\ $129$ DQDO\VHV UHYHDOHG D VLJQLILFDQW GLIIHUHQFH S   IRU WKH
*HQRW\SH [ 7UHDWPHQW LQWHUDFWLRQV & (IIHFW RI &(3 SHSWLGH RQ GHJUDGDWLRQ RI
<)3,$$ DQG <)3,$$ LQ \HDVW PHDVXUHG DV <)3 IOXRUHVFHQFH 7KH EODFN
DUURZKHDGPDUNVWKHWLPHSRLQWZKHQLQGROHDFHWLFDFLG0DQGȕHVWUDGLRO
Q0 ZHUHDGGHG(DFKGDWDSRLQWLVDQDYHUDJHYDOXHRIDWOHDVWHYHQWV   
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